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ABSTRACT

IDENTIFICATION OF A NOVEL SUBSTRATE OF IRE1
IN LIPOTOXIC STRESS RESPONSE

Zehra YILDIRIM
Ph.D. in Molecular Biology and Genetics
Advisor: Ebru ERBAY
February 2022

Fragile X Mental Retardation protein (FMRP), widely known for its role in hereditary
intellectual disability, is a ribonucleic acid (RNA)-binding protein (RBP) that controls
translation of select messenger RNAs (mRNAs). I discovered that endoplasmic
reticulum (ER) stress induces phosphorylation of FMRP on a site that is known to
enhance translation inhibition of FMRP-bound mRNAs. I show ER stress-induced
activation of Inositol requiring enzyme-1 (IREIl), an ER-resident stress-sensing
kinase/endoribonuclease, leads to FMRP phosphorylation and to suppression of
macrophage cholesterol efflux and apoptotic cell clearance (efferocytosis).
Conversely, FMRP-deficiency and pharmacological inhibition of IRE1 kinase activity
enhances cholesterol efflux and efferocytosis, reducing atherosclerosis in mice. The
results presented in my thesis provide mechanistic insights into how ER stress-induced
IREI kinase activity contributes to macrophage cholesterol homeostasis and suggest
IREI inhibition could be developed as a promising new therapeutic strategy to

counteract atherosclerosis.

Keywords: ER stress, Kinase-substrate, Signaling, Cholesterol homeostasis,

Efferocytosis, Atherosclerosis.
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OZET

LiPOTOKSIK STRES YANITINDA
IRE1'IN YENi SUBSTRATININ TANIMLANMASI

Zehra YILDIRIM
Molekiiler Biyoloji ve Genetik, Doktora
Tez Danigsmani: Ebru ERBAY
Subat, 2022

Kalitsal zihinsel engellilikteki roliiyle yaygin olarak bilinen Fragile X Mental
Retardation proteini (FMRP), secili mesajci riboniikleik asitlerin (mRNA)
translasyonunu kontrol eden bir riboniikleik asit (RNA) baglanan proteindir (RNA
binding protein; RBP). Bu calismada endoplazmik retikulum (ER) stresinin, FMRP'ye
baglt mRNA'larin translasyon inhibisyonunu arttirdig1 bilinen bir bolgede FMRPnin
fosforilasyonunu indiikledigini kesfettim. ER'de yerlesik bir stres algilayict
kinaz/endoriboniikleaz olan Inositol Gerektiren Enzim 1 (IRE1)’in ER stres kaynakli
aktivasyonunun, FMRP fosforilasyonuna ve makrofaj kolesterol akisinin ve apoptotik
hiicre temizlenmesinin (efferositoz) baskilanmasina yol actigini gosterdim. Sonug
olarak, FMRP eksikligi ve IREl kinaz aktivitesinin farmakolojik inhibisyonu,
farelerde aterosklerozu azaltarak kolesteroliin hiicreden atilimini ve eferositozu
arttirdigin1 gosterdim. Bu ¢aligma, ER stresinin neden oldugu IRE1 kinaz aktivitesinin
makrofaj kolesterol dengesine nasil katkida bulunduguna dair mekanik bilgiler
saglarmakta ve aterosklerozu Onlemenin umut verici yeni bir yolu olarak IRE1

inhibisyonunu 6nermektedir.

Anahtar sozciikler: ER stress, Kinaz-substrat, Sinyal yolaklari, Kolesterol dengesi,

Eferositoz, Aterosikleroz
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Chapter 1 Introduction

1.1 Cardiovascular Diseases

Cardiovascular diseases (CVDs), a group of disorders of the coronary artery diseases
and heart failure, are the major health problem across the world [1-5]. Although its
management is highly depended on the clinical status of the patients, cardiovascular
diseases can be prevented by improving lifestyle and avoiding behavioral risk factors
such as obesity, saturated and trans-fat consumption, inactivity, tobacco, and harmful
use of alcohol [6, 7]. Replacement of saturated fatty acids with unsaturated fatty acids

can help reduce CVD risk [8].

Among CVDs, one of the lead causes of mortality and morbidity is coronary artery
diseases [9] with atherosclerosis as the main pathophysiological cause. Atherosclerosis
is triggered by imbalanced lipid metabolism that leads to dysregulation and activation
of endothelial cell wall, which then initiates the attraction, infiltration, and
proliferation of vascular smooth muscle cells (VSMCs), monocytes, leukocytes, and
other inflammatory cells. Further stress stimuli, apoptosis, necrosis, and autophagy
play critical roles in the progression of atherosclerosis [10]. Despite the efforts towards
discovering the factors behind initiation and progression of CVDs, molecular

mechanisms of the process remain elusive.

1.1.1 Atherosclerosis

Atherosclerosis is a chronic inflammatory disease with characteristic of gradual
accumulation of plaque deposits at the arterial tree [11, 12]. In atherosclerotic plaques,
macrophages ingest lipoproteins and transform into lipid-laden foam cells. The foamy

macrophages lose their ability to migrate away from the plaques, where they sustain a



local state of sterile inflammation, which occurs in the absence of pathogens and is
typically associated with the release of immune-recognizable cellular content from
damaged or dying cells [13]. Cholesterol efflux and efferocytosis (engulfment and
clearance of apoptotic cells (AC)) by macrophages, on the other hand, help to resolve
inflammation and contribute to plaque stability as counterbalancing mechanisms that

oppose plaque rupture [14-19].

1.1.1.1 Molecular Mechanisms of Plaque Formation

Unhealthy lifestyle (such as physical inactivity, high fat diet, and obesity) [20, 21],
environmental factors (such as solvents, pesticides, and air pollution) [22], disturbed
blood flow, imbalanced cholesterol metabolism and oxidized low-density lipoprotein
(oxLDL) accumulation or other factors cause intimal inflammation can trigger
endothelium activation and/or dysfunction. Activated endothelial cells uptake oxLDL
and express adhesion molecules that leads to recruitment of monocytes. These
monocytes transmigrate into the sub-endothelium and differentiate into macrophages,
to serve as lipid deposits by ingesting the excessive oxXLDL and becoming foam cells.
Moreover, VSMC migration into the sub-endothelium, where they gain expression of
macrophage markers and macrophage like behaviors, also contribute significantly to
the plaque formation. This process allows VSMCs to ingest lipids like macrophages
and become foam cells. Ultimately, these heavily lipid-loaded cells undergo apoptosis
and necroptosis, which are then cleared by macrophages via efferocytosis. Efficient
efferocytosis is critical to reduce the apoptotic and primary necrotic cell burden in the
plaque area to promote plaque stability. Any disturbance in this process can lead to
necrotic core formation due to secondary necrosis of apoptotic foamy cells,
contributing to plaque growth and instability. Unstable necrotic core growth can cause
the thinning of the fibrous cap and leaving the plaque vulnerable to rupture, which

result in thrombosis and trigger acute cardiovascular disease (Fig 1.1) [19, 23-25].
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Figure 1.1. Schematic representation of plaque formation in arterial walls.

(A) Monocytes are recruited by the activated endothelial cells expressing adhesion
molecules. These monocytes transmigrate into the intima, where they differentiate into
macrophages. (B) Macrophages and differentiated macrophage-like VSMCs ingest
oxLDL and become foam cells. (C) Lipid-laden foam cells ultimately undergo primary
and secondary apoptosis, which needs to be cleared by M2 macrophages to avoid
plaque rupture and thrombosis. (D) Extracellular matrix components secreted from
VSMCs induce fibrous cap formation help maintain the plaque. Moreover, M2
macrophages secrete anti-inflammatory markers to resolve inflammation and clear
dying cells to stabilize the plaque [19].

The connective tissue within the lesion gradually loses its arterial intimal thickening
that leads to the replacement of fibrocellular tissue by collagen rich fibrous tissue,
which often expends to become one of the major components of the advanced plaque.
Inflammatory cytokines secreted from macrophages, increased cholesterol
accumulation, lipotoxicity and apoptotic cells within the lesion area contribute to early
stages of calcification progression. Spotty calcification caused by inflammation,
increases inflammatory burden and result in a larger necrotic core with less collagen
content. As calcification progresses, VSMCs differentiate into bone-like chondrocyte-
and osteoblast-like cells, that release proteins to regulate calcification and matrix
mineralization. Consequently, spotty micro-calcifications turn into late-stage macro-

calcification, which contributes to plaque rupture [26-28].



There is a complex interaction between recruitment of inflammatory cells, foam cell
formation, apoptosis, necrosis, calcification, fibrous cap rupture and thrombosis. Each
process has its importance in the plaque progression leading to acute thrombosis that

could result in acute coronary syndrome.

1.2 Cholesterol Homeostasis

Unbalanced cholesterol homeostasis can lead to numerous diseases, where cholesterol
plays critical roles such as cancer, neurodegenerative and cardiovascular diseases.
Increased plasma cholesterol is one of the major drivers of plaque formation and
atherosclerosis, which is tightly regulated by series of pathways. Maintaining the
cellular cholesterol level is a complex process, regulated by the balance between de

novo biosynthesis, uptake, export, and esterification. (Fig 1.2) [29-31].
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Figure 1.2. Cholesterol metabolism pathways in macrophages.

Increased cholesterol demand induces sterol regulatory element binding transcription
factor 2 (SREBP2) and miR-33 to promote cholesterol biosynthesis and suppress
efflux. Depending on metabolic needs of the cell, cholesterol synthesized from acetyl-
CoA can either be stored in lipid droplets, esterified, or removed from the cell via
reverse cholesterol transport (RCT) by transported mediated efflux through Adenosine
triphosphate (ATP)-binding cassette transporters (ATP binding cassette subfamily A
member 1, ABCA1 and ATP binding cassette subfamily G member 1, ABCGI). Type
I interferon (IFN) signaling pathway produce 25-Hydroxycholesterol (25HC), that
blocks cholesterol biosynthesis and inhibits inflammasome activation and viral
infections [32].



1.2.1 Dietary Fat and Cholesterol

Plasma lipoprotein levels, as well as cellular cholesterol uptake and efflux mechanisms
are modulated by the degree of dietary saturated fatty acid intake [33]. saturated dietary
fatty acids (SFAs) have been suggested to regulate cholesterol homeostasis by
inducing ER stress pathways, which induce cholesterol uptake, block cholesterol
efflux, and activate inflammatory response [33, 34]. Moreover, excessive lipid
accumulation in the ER membrane is sensed by transmembrane domains of the ER
stress sensors, which determines the stress response [35, 36]. SFA has been shown to

induce IRE1 oligomerization and activation [35].

Replacement of dietary SFA with mono-unsaturated (MUFA) or poly-unsaturated
(PUFA) dietary fatty acids can help reduce CVD risk [8]. Unsaturated fatty acids
shown to improve atherosclerosis by preventing most SAF-mediated deleterious
effects associated with blocking inflammation, reducing foam cell formation and

necrotic core formation in atherosclerotic plaques [35, 37, 38].

1.2.2 Cholesterol biosynthesis

Cholesterol is an essential constituent of mammalian cell membranes [39]. De novo
cholesterol biosynthesis, namely mevalonate pathway, starts from acetyl-CoA through
a series of around 30 reactions. The key regulator of the mevalonate pathway is
SREBP2 and the rate limiting enzymes are 3-hydroxy-3-methylglutaryl coenzyme A
reductase (HMGCR) and squalene monooxygenase (SM). This tightly regulated
process requires acetyl-CoA, ATP, oxygen, and the reducing factors nicotinamide
adenine dinucleotide phosphate (NADPH) and nicotinamide adenine dinucleotide +
hydrogen (NADH) (Luo et al., 2020). Briefly, cholesterol synthesis is composed of the
following steps (a) synthesis of mevalonate from acetyl-CoA (b) formation of
isoprenoid units from mevalonate by loss of CO; (c) condensation of six isoprenoid
units form squalene (d) cyclization of squalene give rise to the parent steroid,

lanosterol and (e) formation of cholesterol from lanosterol [31, 40, 41]



1.2.3 Cholesterol Uptake

Cholesterol uptake is a biologic process, where modified low-density lipoproteins
(LDLs) (such as acetylated low-density lipoprotein (acLDL) and oxLDL) are ingested
by polarized cells via phagocytosis, pinocytosis (a receptor-independent endocytic
pathway) or receptor mediated pathways [42]. Receptor-mediated cholesterol uptake
from plasma lipoproteins is a less energy consuming alternative process to the de novo
biosynthesis. Polarized cells (such as macrophages, enterocytes or hepatocytes) can
carry cholesterol via low-density lipoprotein receptor (LDLR)-mediated uptake of
cholesterol containing LDL particles, Scavenger receptor class B type 1 (SR-B1)-
mediated selective uptake of cholesterol-rich high-density lipoproteins, HDL,
scavenger receptor class A (SR-A), CD36 (also known as fatty acid translocase, FAT)
and lectin-like oxLDL receptor-1 (LOX-1) mediated uptake of ox-LDL to meet their

metabolic requirements [31, 43-45].

LDLR functions to internalize LDL at the cytosolic side of the cell membrane by
endocytosis process followed by hydrolyzation of apoproteins and cholesteryl esters
in the lysosomes. Upon the delivery of LDL particles, receptors are recycled to the cell
surface. This cholesterol uptake process creates negative feedback to block the
transcription of the genes (via the SREBP pathway) involved in cholesterol synthesis,
including the LDLR itself, and ergo suppresses both cholesterol uptake and synthesis
[46]. Recently, proprotein convertase subtilisin/kexin type 9 (PCSK9) has been shown
to moderate LDLR recycling to the cell surface by targeting its degradation. LDLR
activity and translocation is tightly regulated by the membrane cholesterol levels,

steroid hormones, bile acid synthesis, and the cholesterol levels of the cell [40].

In macrophages, SR-A and CD36 perform nearly 75% to 90% of the lipoprotein-
derived cholesterol uptake, which make them the most two important transporters in
macrophages to regulate cholesterol uptake. Both receptors are highly expressed and
therefore their transcription is tightly regulated in macrophages [44, 47]. Beside its
major role in modified LDL binding, CD36 has multiple functions in efferocytosis,
inflammation, lipid metabolism, fatty acid transport, immunity [48] and migration of
macrophages upon oxLDL stimulation and contribute to macrophage recruitment to

arterial lesions [49].



1.2.4 Cholesterol Efflux

HDLs provide protection against to the development of atherosclerosis via several
activities, that are related to cholesterol transport, anti-inflammatory, endothelial and
vascular functions. Cholesterol efflux by plaque macrophages is the first step in a
multi-step process, referred to as “reverse cholesterol transport” (RCT), that reduces
lipid accumulation in plaques [50, 51]. Macrophages efflux intracellular cholesterol
using their plasma membrane cholesterol transporters; ABCA1, ABCGI and as well
as by SR-B1, in a bidirectional ATP-independent pathway. Lipid-poor Apolipoprotein
A1l (Apo-Al) receive free cholesterol from ABCAI1, whereas cholesterol efflux to
high-density lipoprotein (HDL) particles is facilitated by ABCGIl and SR-Bl
transporters. Lecithin-cholesterol acyltransferase (LCAT) esterifies the free
cholesterol within the HDL particles and generate mature HDL and eventually mediate
delivery of cholesterol to the liver for excretion. The liver takes up mature HDL
through SR-B1 transporter and excretes HDL into the bile as free cholesterol or as bile
acids. (Fig 1.3) [52-55].

The cholesterol efflux pathway is transcriptionally activated by the metabolic by-
products of AC-derived cholesterol in the efferocytic macrophages. As such,

efferocytosis and RCT synergize to reduce necrosis and resolve inflammation in

plaques [56-60].
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Figure 1.3. Cholesterol efflux by macrophage

ApoA-I receives cholesterol from macrophages on the artery wall, through ABCA1
receptor, forming the immature form of HDL (pre-f HDL). HDL then accepts
cholesterol through ABCGl, esterifies the cholesterol and form mature HDL. By the
reverse cholesterol mechanism HDL circles to liver and binds to SR-B1 receptor,
where its converted back to cholesterol or bile acids for excretion [55].



1.2.5 Cholesterol Esterification and Foam Cell Formation

Cholesterol esterification is one of the main mechanisms to avoid the excessive
cytotoxic free cholesterol accumulation. Regulation of cholesterol esterification is
mediated by acetyl-CoA acetyltransferases (ACAT), which directs cholesterol for
secretion or storage. Upon uptake, modified LDL is transported to the late
endosome/lysosomes, where the cholesteryl esters are further hydrolyzed into free
cholesterol and free fatty acids by lysosomal acid lipase (LAL) [61-64]. To prevent
cytotoxicity, free cholesterol is either re-esterified by ACAT at the ER and stored in
lipid droplets or released by transporter-mediated efflux. Excessive accumulation of
cholesteryl esters in macrophages and VSMCs lead to foam cell formation [65].
Therefore, cholesterol esterification and transporter-mediated efflux are critical
processes for maintaining the cholesterol homeostasis, representing promising
therapeutic targets to prevent atherosclerosis progression and initiate regression

pathway [64].

1.3 Efferocytosis

The efferocytosis process is a key step for the maintenance of tissue homeostasis. This
process is performed by professional phagocytes, such as monocytes, macrophages,

and dendritic cells, and by non-professional phagocytes such as epithelial cells [66].

During the early stages of atherogenesis, macrophages undergo apoptosis due to
increased uptake of modified LDL and other cellular debris in the arterial wall.
Atherosclerotic lesions contain professional phagocytes, which engulf these apoptotic
cells to maintain plaque stability. Efficient efferocytosis is associated with reduced
atherosclerosis progression, most likely due to reduced pro-inflammatory and induced
anti-inflammatory mediators presented in the artery wall [67, 68]. However, excessive
efferocytosis can induce ER stress and unfolded protein response (UPR) due to
increased free-cholesterol and oxidized lipoproteins, which induces apoptosis in these
stressed macrophages. Failure to remove apoptotic cells is one of the major causes in
initiation of the atherosclerotic plaque formation. These cells may undergo ‘secondary
necrosis’, where macrophages die and release their cellular contents. Oxidized lipids,
pro-inflammatory mediators and cell debris, exaggerate the inflammatory response,

eventually lead to the development of a necrotic core [69]. Thus, the critical balance



between apoptosis, efferocytosis, and secondary necrosis determines the faith of

atherosclerosis progression and severity [17, 66].

Macrophages can bind to molecules such as phosphatidylserine (PS), that act as ‘eat
me’ signal that are expressed on the dying cells. These molecules are recognized by
the receptors like MER Proto-Oncogene Tyrosine Kinase (MerTK), Integrin, CD36
and SR-B1 on macrophages and initiate the engulfment of the apoptotic cell. This
interaction result in activation of RAC1 and actin reorganization as well as peroxisome
proliferator-activated receptors (PPARs) and liver X receptor (LXR) signaling, which
result in the upregulation of efferocytosis receptors for continued efferocytosis and
proteins involved in cholesterol efflux to promote an anti-inflammatory M2

macrophage phenotype (Fig 1.4) [19].
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Figure 1.4. Apoptotic cell clearance by macrophages

‘Eat me’ signals (such as PS and calreticulin) expressed on apoptotic cells are
recognized by efferocytosis receptors expressed on professional phagocytes. Upon
binding to macrophages activate RAS-related C3 botulinum toxin substrate 1 (Racl),
PPAR and LXR pathways that initiate the engulfment and digestion of the apoptotic
cell [19].

AC-derived cargo, including the free cholesterol, sterols, and other inflammatory
cytokines, needs to be cleared to prevent cytotoxicity. Efflux of the free cholesterol is
induced through LXR pathway that induce ABCA1-mediated transport to prevent its

accumulation. The fatty acids are oxidated in mitochondria and upregulate the of



expression of pro-resolving Interleukin (IL)-10. Lastly PS lead to upregulation of
glucose transporter (GLUT1) and serum/glucocorticoid regulated kinase 1 (SGK1).
Upregulation of these genes accelerate intake of glucose that is required for dynamic

actin rearrangement to engulf apoptotic cells [70-72].

1.4 Endoplasmic Reticulum Stress and Unfolded Protein

response

Endoplasmic reticulum, a highly dynamic organelle, is composed of membrane
networks responsible for various functions such as synthesis, quality check, repair, and
transportation of proteins. ER is classified in two functionally distinct forms called
smooth ER and rough ER (coated by ribosomes the surface of the ER). Ribosome-
mRNA complexes positioned on ER membranes, engage protein synthesis
simultaneously translocating them into the ER. The proteins synthesized by these
ribosomes are mostly secrete molecules such as digestive enzymes, hormones,
receptors and signaling molecules. Beside the ER membrane bound ribosomes, there
are unattached/free ribosomes located in the cytoplasm, that synthesize proteins used
within the cell. These proteins are folded by the mechanism called ‘co-translational
folding” and transported to other organelles such as nucleus, mitochondria, or

peroxisomes (Fig 1.5) [73-75].
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Figure 1.5. Free and membrane-bound ribosomes.

Proteins can be transported to ER by either post-translocation (via their ER-signal
sequence) or co-translational translocation, where they are simultaneously translocated
into the ER while being synthesized. Proteins synthesized in free ribosomes in the
cytoplasm are usually transported to the organelles within the cells. On the other hand,
proteins synthesized in the membrane bound ribosomes are usually secreted [73].
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Chaperons are responsible for quality control and repair of unfolded and misfolded
proteins within the ER due to variety of cell stress. Binding Immunoglobulin Protein
(BIP; KAR2), Endoplasmic Reticulum Resident Protein 57 (ERP57), Heat Shock
Protein 90kDa Beta (GRP94; GP96; HSP90), Protein Disulfide Isomerase (PDI), and

Calreticulin are some of the mostly expressed ER resident chaperons [76-82].

Physiological and environmental factors such as genetic abnormalities, oxidative
stress, viral infection, disturbed Ca?" homeostasis, accumulation of free cholesterols
or obesity or aging can lead to increased protein synthesis, which leads to accumulation
of unfolded and misfolding proteins that exceed ER’s folding capacity. This evet
evokes a pathway called UPR, that is initiated at ER’s membranes and aims to re-
establish homeostasis. UPR is comprised of three branches; the activating transcription
factor 6 (ATF6), protein kinase R- like ER kinase (PERK), and IRE1 [83]. UPR
activation leads ER resident chaperones to dissociate from ER stressors to engage with

unfolded proteins, which activate downstream UPR pathways (Fig 1.6) [84].
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Figure 1.6. UPR signaling pathways.

UPR triggered by protein folding stress cause disassociation of BIP from the UPR
signaling branches (IRE1- X box protein-1 (XBP1), PERK- Eukaryotic Initiation
Factor 2 (EIF2a) and ATF6). Depending on the unfolded/misfolded protein load, UPR
activation can lead to ER-associated protein degradation (ERAD) and attenuation of
protein synthesis to promote cell survival or initiate apoptosis due to unresolved UPR
signaling [84].
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Accumulation of excessive free cholesterol in the ER membrane, pro-inflammatory
cytokines, modified LDL and HDL may cause accumulation of unfolded proteins,
where the key players are activated to launch pro-inflammatory response and disturb
cholesterol homeostasis, which may in turn cause foam cell formation (Fig 1.7).
Depending on the duration and dose of stress, ER activates transcriptional or
translational processes via its stress sensors, determining the faith of the cell to either

reestablish homeostasis or initiate apoptosis [85].

\,,/V

stress

IRE1a and PERK ROS and Ca™ CHOP
activation perturbation NF-kB 1
Lipid Pro-inflammatory cytokine
accumulation production
‘o o° o
o [+]
(+]
[+]
ABCA1 |, ABCG1 |, SR-BI | °
2 A J

Macrophage

Figure 1.7. Relationship between lipid accumulation, pro-inflammatory response,
and ER stress.

ER stress triggered by lipid accumulation triggers ER stress that leads to
proinflammatory cytokine release. Cytokines can cause lipid accumulation through
upregulation of CD36 and/or downregulation of ABCA1, ABCGI, and SR-B1, in
return trigger further ER stress [85].

1.4.1 IRE1

As one of the major UPR regulator, IRE1 has dual protein kinase and endoribonuclease
activities. Metazoans have two IREI paralogues, IREla (referred to as IRE1) and
IRE1B. While IREla is ubiquitously expressed, IRE1 expression is restricted to
gastrointestinal epithelium [86]. To date, IRE1 has been described to trans-
autophosphorylate as a first step in the activation of its RNase modality, which initiates

a non-conventional RNA splicing reaction and the production of the transcription
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factor known as spliced X box protein-1 (XBP1s), which is one of the key drivers of
the UPR [87-89].

IRE1 senses both folding stresses induced by unfolded protein accumulation and lipid
bilayer stress on the ER membrane caused by accumulation of cholesterol or SFA.
Lipid loading on the membrane bring IREI proteins in close proximity, where they
can autophosphorylate each other (Fig 1.8) [85, 90]. While previous studies have
shown that ER stress and subsequent IRE1 activation are causally associated with
atherosclerosis progression, the mechanism by which IRE1 kinase domain contributes

to the disease pathogenesis has remained elusive [91-93].
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Figure 1.8. IRE1 activation.

Recent evidence has shown that lipid accumulation in ER membrane, can trigger lipid
bilayer stress that activates UPR through its most conserved arm, IRE1 [94].

Despite its well characterized RNase domain, to date IRE kinase substrates remain
unknown. The discovery of IRE1 kinase substrates will provide crucial information
that can explain the contribution of this of this ancient transmembrane ER-stress sensor

to many diseases where ER stress has been implicated [94].
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1.5 Fragile X Mental Retardation Protein

FMRP is an RNA binding protein that its loss of function characterized by the Fragile
X syndrome (FXS). FXS is the first genetic disorder that demonstrated RNA regulation
in human cognitive function [95]. To date, FXS has been determined as the most
common inherited form of intellectual disability, defined by developmental problems

such as abnormal dendritic spines, childhood seizures and autistic behaviors [96, 97].

FMRI gene contains 17 exons, that generate 12 different isoforms of FMRP protein
through alternative splicing [98]. The FMR1 locus on Chromosome X, includes a
methylated region, the promoter region, CGG stretch and the coding sequence [99].
Based on the expansion of polymorphic CGG repeat located in the 5’ UTR of exon 1,
different classes of alleles are described as; (1) normal: 5-55 CGGs, (2) permutated
(PM): 56200 CGGs with a higher transcription, or decreased translation associated to
the fragile X-associated tremor/ataxia syndrome (FXTAS) and fragile X-associated
primary ovarian insufficiency (FXPOI) phenotypes; (3) full mutation: over 200 CGGs
that result in unmethylated full mutation (UFM, similar to PM without an apparent
phenotype or methylated full mutation (MFM) that leads to absence of both transcript
and protein, and consequently cause FXS phenotype (Fig 1.9) [100].
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Figure 1.9. FMR1 gene and its allelic forms.

Structure of the Fmrl gene. Polymorphic CGG sequence is located upstream in the
5'UTR. Different outcomes are displayed depending on the expansion of CGG repeat
as normal, FXTAS/FXPOI, and FXS [100].
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FMRP is a multifunctional polyribosome-associated RNA-binding protein, which
presents four RNA binding domains, N-terminus, K homology 1 (KH1), K homology
1 (KH2), Arg-Gly-Gly sequences (RGG box) as well as a functional nuclear export
signal (NES) and a nuclear localization signal (NLS) domain (Fig 1.10). FMRP can
directly bind to a guanine (G)-rich sequence within the 3'-untranslated region (UTR)
of mRNA to regulate mRNA stability [101, 102].
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Figure 1.10. FMRP protein functional domains

FMRP has both RNA and protein binding domains. Direct RNA binding domains are
well-defined as N-terminus, KH1, KH2 and RGG box, whereas protein binding
domains (shown in the middle frame) are shown to bind NUFIP1, CYFIP1, CYFIP2,
FXR1P, FXR2P, TDRD3, and SMN proteins [103].

FMRP functions to regulate neurodevelopment, synapse maturation, refinement, and
plasticity [104]. Beside its essential role in translational repression by polysome
stalling (Fig 1.11) [105, 106], FMRP has been identified to endure distinct roles in
different compartments of the cell such as; in cytosol FMRP shuttle mRNAs to/from
the nucleus with its nuclear export function [107], in nucleus FMRP binds chromatin
during the DNA damage response (DDR) to regulate genome stability [108] and

histone modification [109].

FMRP is proposed to regulate multiple RNA processes such as mRNA editing, pre-
mRNA splicing, and in the microRNA pathways in association with RNA-editing
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enzymes and RNA binding proteins like adenosine deaminase (ADAR) and RNA-
binding protein 14 (RBM14) respectively [106, 110-114].
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Figure 1.11. FMRP-mediated translational regulation by ribosome stalling.

Several mechanisms where FMRP is proposed to regulate translation in association
with ribosomes. (a) blocking ribosome translocation, (b) transfer RNA (tRNA)
association with ribosome, (¢) blocking RNA degradation by blocking nuclease [106].

Transcriptional and post-transcriptional regulation play critical roles to set sterile
inflammation in motion but also in its resolution and, eventually, plaque regression.
Post-transcriptional regulatory steps often involve RBPs that interact with mRNA to
alter its processing, transport, translation, and degradation. Several RBPs have been
shown to alter the mRNA stability and translation of cytokines to turn-off the
inflammatory response and key molecular regulators of cholesterol homeostasis and
some have been linked to atherosclerosis development (atherogenesis) [115-120].
FMRP is an RBP that has been widely studied in neurons due to its causal role in the

FXS [121-123]; however, its role in other cell types and pathways remain elusive.

1.6 Hypothesis and Aims

Atherosclerosis is a chronic inflammatory disease triggered by imbalanced lipid
metabolism [11, 12]. In atherosclerotic plaques, macrophages ingest lipoproteins and
transform into lipid-laden foam cells. The foamy macrophages lose their ability to
migrate away from the plaques, where they sustain a local state of sterile inflammation

caused by the release of immune-recognizable cellular content from damaged or dying
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cells [13]. Cholesterol efflux and efferocytosis (the engulfment and clearance of AC)
by macrophages, on the other hand, help to resolve inflammation and contribute to
plaque stability as counterbalancing mechanisms that oppose plaque rupture [14-18].
Previous studies have shown that ER stress and subsequent IRE1 activation are
causally associated with atherosclerosis progression [69, 91-93]. IRE1 senses both
protein folding stress induced by an accumulation of unfolded proteins in the ER
lumen and ER membrane lipid bilayer stress induced by an accumulation of cholesterol
or SFA [85, 90]. To date, IREI has been described to trans-autophosphorylate as a
first step in the activation of its RNase modality, which initiates a non-conventional
RNA splicing reaction and the production of the transcription factor XBP1s, which is
one of the key drivers of the UPR [87-89]. However, IREI kinase substrates have not
been identified to date [124]. While the contribution of IRE1’s RNase activity to
atherosclerosis progression was demonstrated in an earlier study, the role of IRE1’s

kinase activity in atherosclerosis pathogenesis is unexplored [91].

The first aim of this thesis study was the discovery of an IRE1 kinase substrate that
could potentially explain the wider role of IREI in inflammation and metabolism of
immune cells. To this end, the published IRE1 interactome partners were analyzed
[125] and due to IREl’s interaction with many FMRP-like proteins, FMRP was
hypothesized to be a potential interactor and kinase target of IRE1. In this study, IRE1-
FMRP kinase-substrate relationship was confirmed by showing physical interaction
between them through co-immunoprecipitation technique and using in vitro and in cell
kinase assays. Furthermore, IRE1-kinase dependent, specific phosphosites were

discovered by phosphoproteomics analysis.

FMRP is widely studied in neurons for its role in hereditary intellectual disability,
however its role in other cell and tissue types remain elusive. Considering FMRP’s
well known role in translational silencing, I hypothesized that ER stress-induced IRE1-
mediated FMRP phosphorylation could target mRNAs involved in cholesterol
homeostasis and efferocytosis, where ER stress plays major role. Polysome profiling
followed by RNA-Sequencing analysis and Heavy Isotope Labeled Azidohomoalanine
Quantification (HILAQ) methods were used to discover the FMRP mRNA targets in
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ER stress induced macrophages, that revealed translational suppression of mRNAs
involved in cholesterol homeostasis and efferocytosis. Cholesterol uptake, cholesterol
efflux, foam cell formation, RCT and efferocytosis assays were performed using
FMR1 knockout mouse models and small molecule IRE1 kinase inhibitor to
investigate the consequences of disrupting IRE1 kinase-FMRP signaling axis on these

Pprocessces.

Atherosclerosis progression was investigated using whole body and myeloid-specific
Fmrl knock out mice. In these mice and their appropriate control groups,
hypercholesterolemia was induced by the administration of PCSK9-encoding adeno-
associated virus (AAV_mPCSKD9) followed by feeding with Western diet (WD) for 16
weeks. At the end of the experiment, the composition and size of the mouse aortic root
plaques, the extent of atherosclerosis in en face aorta and immune cell and lipoprotein

profiles (from blood and plasma) were analyzed.

Lastly, the effect of pharmacological inhibition of IREI kinase domain (by using
AMG-18) was investigated in Apoe”” mice that were fed with WD for 12 weeks. After
8 weeks, by which time plaque formation has initiated, AMG-18 was intraperitoneally
injected into the mice (once or twice daily) to investigate its impact on atherosclerosis
progression. Plaque composition of en face aorta and aortic root sections as well as

immune cell and lipoprotein profiles of the blood samples were analyzed.
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CHAPTER 2 MATERIAL AND

METHODS

2.1 Materials

2.1.1 Reagents

Reagents used in this study are listed in Table 2.1. Neon transfection system kit

(MPK10096) was from Thermo Scientific and used with the Neon electroporation

system, also from Thermo Scientific, according to previously published protocols for

Bone Marrow-Derived Macrophages (BMDM) [91, 126].

Table 2.1. Reagents.
Reagent Company Catalog No
Amersham Prime ECL tern
Blotiiflg Detectisn Igeag\Zr?ts ) GE Healthcare RPN2236
Absolute Ethanol Sigma-Aldrich 32221

— -

(aeylamidebsorylamide) Biorad 1610146
AMG-18 Tocris 6166
Ammonium Persulfate (APS) Sigma A3678
Ampicillin Sigma 69-53-4
Aqua-Mount VWR 41799-008
ATP-y-S Abcam ab138911
Bovine Serum Albumin Santa Cruz sc23234
CC mount Sigma C9368
Cell Staining Buffer Biolegend 420201
CellTrace™ CFSE cell proliferation kit Thermo Scientific | C34554
CellTrace™ Violet Cell Proliferation Kit | Thermo Scientific | C34557
Chloroform Sigma-Aldrich 24216
cholesterol efflux assay kit Abcam ab196985
Cholesterol Uptake Assay Kit Abcam ab236212
Control siRNA Thermo Scientific | AM4611
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Reagent Company Catalog No
Cremophor EL EMD Millipore 238470
Cycloheximide EMD Millipore 239763
DC Protein Assay Reagent Biorad 5000116
Dil-labeled ac-LDL Kalen Biomedical | 770201-7
Dimethyl Sulfoxide (DMSO) Sigma D8418
%&E‘f\f{‘)”s modified Eagle’s Medium | o goientific | 11965084
EDTA Invitrogen 15575020
ERNT1 human recombinant protein Signalchem E31-11G
Fatty Acid-Free Bovine Serum Albumin | Sigma A6003
Fetal bovine serum (FBS) Thermo Scientific | 26140079
Fluoroshield mounting medium with DAP] Abcam ab104139
Fmrl siRNA Thermo Scientific | AM16708
FMRP human recombinant protein Origine TP322699
Formaldehyde Thermo Scientific | 31901
Glycine Santa Cruz sc-29096C
HBSS Gibco 14175095
Hematoxylin Sigma HHS32
Hematoxylin and Eosin Stain Kit Vector Laboratories | H-3502
Kapa 2G fast HS genotyping PCR l[g)lli)/se}rlsltf;n;:rltlg 5 rller NC0597884
L-Glutamine Thermo Scientific | 25030081
Lambda phosphatase Santu Cruz sc-200312
Lipofectamine 3000 Invitrogen L3000001
Lipoprotein-deficient serum Sigma S5519
Masson Trichrome Abcam 04-010802
Methanol Sigma-Aldrich 32213
Nitrocellulose Transfer Membrane VWR 27376-991
Optimal cutting temperature compound Elgctron ‘ 62550
(OCT compound) Microscopy Scienceg

Oil Red O solution Sigma 01391
p-Nitrobenzyl mesylate, PNBM Abcam ab138910
Page Ruler Prestained Protein Ladder ;’B;rﬁ%flsher 26620
Palmitic Acid (PA) Sigma P0500
Penicillin/streptomycin (P/S) Thermo Scientific | 10378016
Phosphatase Inhibitor Cocktail 3 Sigma P0044
Phosphate buffer saline (PBS) Thermo Scientific | J67670.AP
Pierce protein G magnetic beads Thermo Scintific 88848
Polyethylinimine (PEI) Polysciences 23966
Power-Up-SYBR green Applied Biosystems | A25742
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Reagent Company Catalog No

Protease Inhibitor Cocktail EDTA Free Sigma P8340-5ML
PVDF Transfer Membrane Pierce-Thermo 88518
Scientific

Revert Aid First strand cDNA synthesis kif Thermo Scientific | K1691

Roswell Park Memorial Institute (RPMI)- Thermo Scientific | 11875093

1640 medium

Sucrose Sigma S0389

Thapsigargin (TG) Santa Cruz sc-24017A

Thioglycolate solution Sigma 70157

Tris Base Sigma T1503

Trisure Bioline Bio 38033

TRIsure Bioline BIO-38033

Triton X Molecular Biology Grade Applichem A1388,0500

Trypsin Sigma T4049-100ML

TUNEL Roshe 11684795910

Tunicamycin Santa Cruz sc-3506

Wako Diagnostics total cholesterol E kit e cal NC9138103
Systems

-mercaptoethanol Sigma M3148-100ML

3H-cholesterol Perkin Elmer NET139001MC

4u8c Calbiochem 412512

cis-9-Palmitoleic acid Sigma P9417

Trans-Palmitoleic acid Nu-Chek-Prep

2.1.2 Antibodies

Antibodies used in Immunofluorescence, Fluorescence-activated cell sorting (FACS)

analysis and Western blot are listed in Table 2.2.

Table 2.2. Antibodies used in all procedures.

. Working

Antibody Company Catalog No Conditions
Western Blotting

anti-pIRE1 (phsopho-S724) | Abcam ab124945 o/n 4°C
anti-FMRP Abcam ab17722 o/n 4°C
anti-LRP1 Abcam ab92544 o/n 4°C
anti-Thiophosphate ester Abcam ab133473 o/n 4°C
antibody
anti-B.-Actin-horse radish Santa Cruz 47778 | hr RT
peroxidase
anti-pFMRP, phosphor-S499 | PhosphoSolutions | p1125-499 o/n 4°C
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. Working
Antibody Company Catalog No Conditions
anti-IRE1 Cell-Signaling 3294 o/n 4°C
anti-FMRP Cell-Signaling 4317 o/n 4°C

. Novus o
anti-ABCAL1 . : NB400-105 o/n 4°C
Biologicals
anti-ABCG1 Novus NB400-132 | ofn 4°C
Biologicals
anti-FMRP Biolegend 834601 o/n 4°C
anti-MER R&D AF591-SP o/n 4°C
Anti-pro Caspasel +pl0 + o
p12 antibody [EPR16883] Abcam ab179515 o/n 4°C
anti-1L-1-beta Abcam Ab9722 o/n 4°C
Secondary-IgG-Mouse SeraCare 5220-0341 1 hr RT
Secondary-IgG-Rabbit SeraCare 5220-0337 1 hr RT
Immunohistochemistry
anti-MOMA-2 Bio-Rad MCAS519G o/n 4°C
anti-o-SMA Abcam ab5694 o/n 4°C
anti-PE-F4/80 Biolegend 123110 o/n 4°C
TruStain FcX (anti-CD16/32) | Biolegend 101319 10 min 4°C
DAPI Biolegend 422801 10 min 4°C
anti-pFMRP, phosphor-S499 | PhosphoSolutions | p1125-499 o/n 4°C
anti-CD68 Santa Cruz sc-20060 o/n 4°C
Flow Cytometry
anti-PE-F4/80 Biolegend 123110 o/n 4°C
TruStain FcX (anti-CD16/32) | Biolegend 101319 10 min 4°C
Propidium iodide (PI) Biolegend 421301 20 min 4°C
DAPI (4',6-Diamidino-2- . e
Phenylindole, Dilactate) Biolegend 422801 10 min 4°C
anti-CD45-Pac. Blue (clone . o
30-F11) Biolegend 103101 20 min 4°C
;rgi-lc;m e-PE (Clone 145- | 5 legend 100301 20 min 4°C
anti-CD11b-APC (Clone . e
M1/70) Biolegend 101211 20 min 4°C
zrgls')CDw'BV“ 0(Clone | 5i legend 115541 20 min 4°C
anti-Ly6C-PE/Dazzle (Clone . o
HK1.4) Biolegend 128043 20 min 4°C
?{‘Ké%y“}'l)ercp Cy33 Biolegend 127615 20 min 4°C

2.1.3 Plasmids

WT-Irel-pcDNA3, and Kinase-dead IRE1 mutant (K599A)-pcDNA3 plasmids were

generated in Dr. Peter Walter’s laboratory (University of California, San Francisco).
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WT-Fmrl plasmid was generated in Jennifer C. Darnell (The Rockefeller University,
New York).

2.1.4 Cell Lines

Fmrl”- mouse embryonic fibroblasts (MEF) were generated in Dr. David Nelson’s
laboratory (Baylor College of Medicine, Houston, Texas). HEK293T, Jurkat (human
T lymphocytes) and L-929 (mouse fibroblasts) cells were obtained from ATCC. Cells
were cultured in RPMI or DMEM supplemented with 10% heat-inactivated FBS and
%1 P/S cocktail. Cells were cultured in a humidified CO2 incubator at 37°C.

2.1.5 Solutions

Buffer compositions are listed in Table 2.3.

Table 2.3. Buffer compositions.

Buffer Composition

6 g SDS

23,5 ml glycerol

0.01% bromophenol blue

6 ml 0.5 M Tris HCL, pH: 6,8
10,5 ml dH20

10% 2-mercaptoethanol

30g Tris-Base

10X SDS Running | 144g Glycine

Buffer 10gr SDS

Adjust volume to 1 L with dH20
30g Tris-Base

10X Transfer Buffer | 144g Glycine

Adjust volume to 1 L with dH20
80 g NaCl

24.2 g Tris-Base

6X Laemmli SDS
Loading Buffer
(50 ml)

10X TBS adjust pH 7.6 with 1IN HCI
Adjust volume to 1 L with dH,O
450 ml ddH20
1X-TBS-T 50 ml TBS
500 pl Tween
Blocking solution 2.5 g Bovine Serum Albumin
(5% (w/v) milk/BSA) | 50 ml 1X TBS-T
80 g NaCl
10X PBS 2 g KCl

15.2 g sodium phosphate dibasic dehydrate
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\ Buffer \ Composition
Adjust volume to 1 L with dH,O
pH to 7.4
30.3 g Tris Base
0.5 M Tris-HC1 800 ml ddH>O

(pH: 6.8)

1.5 M Tris-HCI1

(pH: 8.8)

15 % Resolving Gel

12 % Resolving Gel

10 % Resolving Gel

9 % Resolving Gel

8 % Resolving Gel

5 % Stacking Gel

adjust pH to 6.8 with 1 N HCI
Adjust volume to 500 ml with dH20
90.8 g Tris Base

800 ml ddH,O

adjust pH to 8.8 with 1 N HCI
Adjust volume to 500 ml with dH20

2.5 ml 1.5 M Tris-HCI, pH: 8.8
3.54 ml dH20

3.75 ml 40% Acrylamide mix

100 ul 10% SDS

100 ul 10% Ammonium persulfate
10 ul TEMED

2.5 ml 1.5 M Tris-HCI, pH: 8.8
4.29 ml dH20

3 ml 40% Acrylamide mix

100 ul 10% SDS

100 ul 10% Ammonium persulfate
10 ul TEMED

2.5 ml 1.5 M Tris-HCI, pH: 8.8
4.8 ml dH20

2.5 ml 40% Acrylamide mix

100 ul 10% SDS

100 ul 10% Ammonium persulfate
10 ul TEMED

2.5 ml 1.5 M Tris-HCI, pH: 8.8
5.3 ml dH20

2 ml 40% Acrylamide mix

100 ul 10% SDS

100 ul 10% Ammonium persulfate
10 ul TEMED

2 ml 1.5 M Tris-HCI, pH: 8.8

4.2 ml dH20

1.6 ml 40% Acrylamide mix

80 ul 10% SDS

80 ul 10% Ammonium persulfate
8 ul TEMED

2.5 ml 1.5 M Tris-HCI, pH: 8.8
6.29 ml dH20

1 ml 40% Acrylamide mix

100 ul 10% SDS

100 ul 10% Ammonium persulfate
10 ul TEMED
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\ Buffer \ Composition
30.3 g Tris Base
0.5 M Tris-HC1 800 ml ddH>O

(pH: 6.8)

1.5 M Tris-HCI1
(pH: 8.8)

Phospholysis Buffer
(250 ml)

HBS solution
(Instead of R
buffer in
Invitrogen Neon
Transfection Kit)

HBSS buffer

PA stock Solution

Alkaline Lysis Buffer

Neutralization
Buffer

TAE buffer
50X

adjust pH to 6.8 with 1 N HCI

Adjust volume to 500 ml with dH,O
90.8 g Tris Base

800 ml ddH>O

adjust pH to 8.8 with 1 N HCI

Adjust volume to 500 ml with dH,O

50 mM HEPES, 12.5 ml from 1M stock
100 mM NacCl, 25 ml from 1M stock

4 mM Na4P207 (NaPP), 10 ml from 0.1 M stock
10 mM EDTA, 5 ml from 0.5 M stock
10 mM NaF, 2.5 ml from 1 M stock

1% Triton 2.5 ml

Adjust volume to 250 ml (192.5 ml dH»0O)
prior to use:

10 uM Phosphatase Inhibitor Cocktail 3 (1X last
concentration from 1000X stock)

10 uM Protease Inhibitor Cocktail (1X last concentration
from 1000X stock)

21 mM commercial HEPES (pH; 7.05)
137 mM NacCl

5 mM KCl

0,7 mM Na2HPO4

6 mM Glucose

Filter prior using keep at 4°C.

8 g NaCl

400 mg KCl

140 mg CaCl2

100 mg MgS04-7H20

100 mg MgCI2-6H20

60 mg Na2HPO4-2H20

60 mg KH2PO4

1g Glucose

350 mg NaHCO3

1.2821 g PA

10 ml absolute ethanol

Heat to 55°C until dissolves

Aliquot and store at -20°C

25 mM NaOH

0.2 mM Na’EDTA.2H>O

pH 12 (do not adjust)

40 mM Tris-HCL (242.28 g)

pH 12 (do not adjust)

242 g tris base in double-distilled H20
57.1 ml glacial acetic acid

100 ml 0.5 M EDTA solution (pH 8.0)
Adjust volume to 1 L
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2.2 Methods
2.2.1 General Study Design

Three or more independent replicates were performed for cell-based experiments.
Mice were randomly assigned to independent cohorts, and data analysis was performed
blind. The only elimination criteria used for mouse studies was based on health and as

advised.
2.2.2 Mice Studies and Treatments

C57BL/6 (WT, Fmr1**), Fmr1”- and Apolipoprotein E-deficient (Apoe”) mice were
purchased from Jackson Laboratory. IRE1 conditional knock out (Ire1a°¥1°%) mice
were a kind gift from Dr. Takao Iwawaki (Kanazawa Medical University, Japan) and
characterized before [127]. Irela/1o¥/flox

mice purchased from Jackson Lab (004781) to obtain Irela°¥1°% LysM¢® mice (IRE1

mice were inter-crossed from with LysM®*

"), which had a myeloid-specific Irela gene deletion. Fmrl conditional knock out
(Fmr11°¥foX) mice were a kind gift from Dr. David Nelson. Fmr17°¥1°% mice were
inter-crossed with LysM®® mice purchased from Jackson Lab (004781) to obtain
myeloid Fmr1-deficient (myFmr1”") mice.

1"* or myFmrl”- mice were

Starting at 8 weeks of age, Fmrl**, Fmrl”, myFmr
injected with 1x10'° AAV_PCSK9 (AAV8-D377Y-mPCSK9, Vector Biolabs AAV-
268246) via tail vein, then fed with normal chow or high cholesterol/high fat
atherosclerotic mouse diet from Envigo (TD.88137) for 6 to 16 weeks. Apoe” mice
were fed with WD (12 weeks) and intraperitoneally injected with vehicle (DMSO) or
AMG-18 (30 mg/kg) once or twice a day in the last 4 weeks of WD. C57BL/6 were
injected with Tunicamycin (TM, 1 mg/kg) and with AMG-18 (30 mg/kg) or vehicle
(DMSO) in 20% vol/vol Cremophor EL saline solution, as described in [91]. 8 hours
later peritoneal macrophages were isolated by thioglycolate elicitation for further
analysis. Apoe”” mice were fed with WD for 12 weeks and treated by oral gavage with

vehicle (1% BSA in PBS) or 1400 mg/ kg/day cis or trans-PAO dissolved in vehicle

for 4 weeks while continuing WD.
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Husbandry conditions and study approval: Mice were kept under specific pathogen-
free conditions with food and water ad libititum. Both female and male mice were used
for experiments. All animal experiments were performed according to protocols
approved by the Experimental Animal Ethical Care Committees at Bilkent University,
Ankara, Turkey or Cedars Sinai Medical Center, Los Angeles, USA or the University
of Ottawa Animal Care Committee, Ottawa, ON K1N 6N5, Canada.

2.2.3 Genotyping of mice lines

Mice were numbered by toe cutting and samples were lysed in 60 pl alkaline lysis
buffer for 1 hour followed by neutralization by addition of 60 pl of neutralization
buffer. Run PCR products in 1.5 % agarose gel with SYBR safe stain (10000X) in
TAE buffer. Primer sequences, Buffer compositions and PCR protocols of Fmrl™,
myFmrl”, Irel”, LysM®® mice are listed in Table 2.4, Table 2.5 and Table 2.6

respectively.

Table 2.4. Genotyping primer list.

Primer Sequence

Fmrl flox 1F 5’ GCCTCACATCCTAGCCCTCTACZ®
Fmrl flox 2F 5" GTT GAG CGG CCGAGTTTGTCAG¥®
Fmrl flox 3R 5’ CCC ACT GGG AGA GGATTATIT GGG ¥’
oIMR6734 WtFMRP 5" TGT GAT AGA ATA TGC AGC ATG TGA 3’
0oIMR2060 MutFMRP 5’ CAC GAG ACT AGT GAGACGTG ¥
0oIMR6735 Common S’CITCTGGCACCTCCAGCTTZ

Cre IMR 3066 5" CCC AGA AATGCCAGATTACG ¥

Cre IMR 3067 5’ CTT GGG CTG CCA GAATITCIC ¥

Cre IMR 3068 5’ TTA CAG TCG GCC AGG CTGAC 3

Table 2.5. PCR master mix compositions for genotyping.

myFmrl Fmr1 whole body KO Cre
Kapa2G 2X |5pul | Kapa2G 2X S5ul Kapa 2G 2X S5ul
Fmrl flox 1F | 1yl | oIMR6734 WtFMRP | 0.5 ul | Cre IMR 3066 | 1 pl
Fmrl flox 2f | 1 ul | oIMR2060 MutFMRP | 0.5 pl | Cre IMR 3067 | 0.5 pl
Fmrl flox3r | 1 pul | oIMR6735 Common | 0.5 pul | Cre IMR 3068 | 0.2 pl
DNA 2ul | DNA 2 ul DNA 2 ul
dH20 - dH20 1.5 ul | dH20 1.3 ul
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Table 2.6. PCR cycles for genotyping.

Step Temperature | Time
myFmrl1
Initial Denaturation 98°C 30 seconds
25-35 Cycles 98°C 5-10 seconds
45-72°C 10-30 seconds
72°C 15-30 seconds per kb
Final Extension 72°C 5-10 minutes

Fmr1 whole body KO

Initial Denaturation 98°C 30 seconds
25-35 Cycles 98°C 5-10 seconds
45-72°C 10-30 seconds
72°C 15-30 seconds per kb
Final Extension 72°C 5-10 minutes

Fmr1 whole body KO

Initial Denaturation 98°C 30 seconds
25-35 Cycles 98°C 5-10 seconds
45-72°C 10-30 seconds
72°C 15-30 seconds per kb
Final Extension 72°C 5-10 minutes

2.2.4 Macrophage Isolation and Differentiation from Bone Marrow

Peritoneal macrophages: 3% thioglycolate solution were injected to mice
intraperitoneally and peritoneal macrophages were collected 4 days after by washing
the peritoneal cavity with ice-cold PBS (10 ml) as described before [126, 128]. Cells
were centrifuged at 500 x g for 5 min at 4°C and resuspended in RPMI medium in cell
culture plates. Macrophages were incubated at 5% carbon dioxide incubator at 37°C
for 30 minutes to attach and non-adherent cells were removed along with media. Cells

were rinsed with PBS and used for protein isolation or RNA isolation.

BMDM: Bone marrows were collected form the tibia and femurs of mice into RPMI
containing 1% Penicillin/streptomycin (P/S) cocktail as previously described [91].
After filtering through a cell strainer (BD, 352350), cells were centrifuged at 500 x g
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for 5 minutes and re-suspended in RPMI enriched with 20% L929 cells conditioned
medium, 10% heat-inactivated FBS and 1% P/S cocktail, followed by growth on petri

dishes and differentiation to macrophages for 5-10 days.

Lipid-induced inflammasome activation of macrophages: After differentiation,
DMSO/AMG-18 pre-treated (1 hour), Control/Fmr1 siRNA transfected (24 hours after
transfection) or Fmrl”* or Fmr1** BMDMs were primed with 200 ng ultrapure
bacterial lipopolysaccharide (LPS) for 3 hours, followed by stimulation with 500 uM

palmitate/1% bovine serum albumin (BSA) for additional 16 hours.

Palmitate (PA)/bovine serum albumin (BSA) complex preparation: PA was dissolved
in absolute ethanol to yield a stock concentration of 500 mM and stored at —80°C.
Stock PA was diluted to working concentration and suspended with %1 fatty acid free-
BSA in serum free RPMI growth medium by mixing at 55°C for 15 minutes as
described before [92].

2.2.5 Cell Culture and Transfection

Fmrl”- MEF were generated in Dr. David Nelson’s laboratory (Baylor College of
Medicine, Houston, Texas). HEK293T, Jurkat (human T lymphocytes) and L-929
(mouse fibroblasts) cells were obtained from ATCC. Cells were cultured in RPMI or
DMEM supplemented with 10% heat-inactivated FBS and %1 P/S cocktail. Cells were
cultured in a humidified CO2 incubator at 37°C. All cells were regularly tested for

mycoplasma contamination.

60-80% confluent HEK293T, WT or Fmrl”~ MEF cells were transfected using
Lipofectamine 3000 or Polyethylemine (PEI). BMDM and HEK293T cells were
electroporated either with IRE1-, Fmrl- or control-siRNA (100 nM) using Neon
electroporator (Thermo Scientific) as per specific conditions provided by the
manufacturer and as described earlier [91]. 24-36 hours after transfection, cells were

treated with PA or TG to induce ER stress.
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2.2.6 Western Blot

Cells were lysed in lysis buffer as described in [35]. After centrifugation at 8000 x g
for 10 min., clear lysates were mixed with sodium dodecyl sulfate (SDS) loading dye
and heated at 95°C for 5 minutes. Protein lysates were loaded to gels in appropriate
concentrations according to their molecular weight and run at 80-100V. After
separation, samples were transferred to polyvinylidene difluoride (PVDF) membrane
at 100V for 60-90 min. Blocking and antibody incubation of the membranes were
carried out in tris-buffered saline (TBS) buffer prepared with 0.1% Tween-20 (v/v)
and 5% (w/v) dry milk or BSA. ECL prime reagent were used to develop the
membranes and images were captured with ChemiDoc (BioRad). Buffer and gel

commotions are listed in Table 2.3.

Lambda Protein Phosphatase (PPase) treatment of cell lysates: Protein lysates were
treated with A Phosphatase (Lambda phosphatase, PPase) at 30°C for 30 minutes in
the PPase buffer mixture listed in Table 2.7, then lysates were mixed with sodium

dodecyl sulfate (SDS) loading dye and heated at 95°C for 5 minutes.

Antibody dilutions: anti-pIRE1 1:2000, anti-FMRP 1:2000, anti-LRP1 1:5000, anti-
IL-1 beta 1:500, Anti-pro Caspasel + pl0 + p12 1:2000, anti-Thiophosphate ester
1:5000, anti-pFMRP (phosphor-S499) 1:2000, anti-IRE1 1:2000, anti-ABCALI
1:1000, anti-ABCG1 1:1000, Anti-MERTK 1:1000, anti-B-Actin-horse radish
peroxidase 1:5000, Secondary IgG-Goat 1:10000, Secondary IgG-Rabbit 1:10000,
Secondary-IgG-Mouse 1:10000.

Table 2.7. PPase buffer mixture.

Component 50 pl Reaction
PPase Enzyme 1 pl

10X Buffer Sul

1X 10 mM MnCI2 Sul

Protein lysate 40 pl
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2.2.7 RNA Isolation and Quantitative Reverse Transcription Polymerase

Chain Reaction (QRT-PCR)

Total RNA was isolated using TRIsure. RNA extractions were than reverse transcribed
by using Revert Aid First strand complementary deoxyribonucleic acid (cDNA)
synthesis kit to cDNA according to manufacturer’s protocol. Master mix components
were listed in Table 2.8. After reaction, cDNA mixture was diluted 10X by adding 90
ul of RNase-free water. Using specific primers listed in Table 2.9, cDNAs were
amplified on Rotor Gene (Qiagen). Power-Up-SYBR green (Applied Biosystems,
A25742) was used for qRT-PCR reaction.

Quantifications were performed using the AACt method and gene expression levels
were normalized to GAPDH transcript levels following the Lifesciences-Roche
website instructions. Briefly, fold-changes in expression were calculated as (Primer
efficiency)-AACt where AACt means ACt (target gene) - ACt (reference gene) and Ct
means (threshold cycle). Results were analysed from three or more independent

experiments using the Student’s t-test.

Table 2.8. cDNA conversion master mix.

Component 10 pl Reaction
Buffer 2 ul

Random Primer 1l

RT 0.5 ul

RI 0.5 ul

RNA (1000 ng) 1 ul
RNase-free water 4.5 ul

Table 2.9. PCR primers.

Name Sequence

mmu-Fmrl-F 5" CCGAACAGATAATCGTCCACG ¥
mmu-Fmrl-R 5" ACGCTGTCTGGCTTTTCCTTC 3°
mmu-Abcal-F 5" AAAACCGCAGACATCCTTCAG ¥
mmu-Abcal-R 5’ CATACCGAAACTCGTTCACCC 3°
mmu-Abcgl-F 5" GGTCCTGACACATCTGCGAA 3°
mmu-Abcgl-R 5’ CAGGACCTTCTTGGCTTCGT 3’
mmu-Mertk-F 5" CAGGGCCTTTACCAGGGAGA ¥
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Name Sequence

mmu-Mertk-R 5> TGTGTGCTGGATGTGATCTTC 3’
mmu-Lrpl-F 5" GCCTACACCTGGAGAGATAGC 3°
mmu-Lrpl-R 5" GGCAACTTACGAGCAGGCT 3°
mmu-Cd36-F 5’ GTGCTCTCCCTTGATTCTGC 3’
mmu-Cd36-R 5" CTGCACCAATAACAGCTCCA 3°
mmu-Cd47-F 5’ TGGTGGGAAACTACACTTGCG 3°
mmu-Cd47-R 5> CGTGCGGTTTTTCAGCTCTAT 3’
mmu-Calr-F 5" GCAGACCCTGCCATCTATTTC 3°
mmu-Calr-R 5> TCGGACTTATGTTTGGATTCGAC 3’
mmu-Racl-F 5" ATGCAGGCCATCAAGTGTG 3’
mmu-Racl-R 5’ TAGGAGAGGGGACGCAATCT 3°
mmu-Gapdh-F 5" ATTCAACGGCACAGTCAAGG ¥
mmu-Gapdh-R 5" TGGATGCAGGGATGATGTTC 3°
mmu-IL-1B -F 5" CAACCAACAAGTGATATTCTCCATG 3’
mmu-IL-1§ -R 5" GATCCACACTCTCCAGCTGCA 3°

2.2.8 Co-immunoprecipitation and Kinase Assay

Co-immunoprecipitation: HEK293T cells were co-transfected with IRE1 and FMRP
plasmids for 24 hours followed by TG (600 nM) or TM (1 pg/ml) for 2 hours. Equal
amounts of protein lysates were precipitated with specific antibodies (anti-IRE1 1:250
and anti-FMRP 1:250) at 4°C overnight on a rocker. Protein magnetic beads were
added to each sample and incubated at 4°C for overnight. Immunoprecipitates were

then analyzed by Western Blot.

Kinase assay: HEK293T cells were transfected with either with WT- or KD-IRE1
plasmids for 24 hours, followed by TG (600 nM) for 2 hours for IRE1 activation. Equal
amounts of protein lysates were then precipitated with specific IRE1 antibody coated
magnetic beads at 4°C overnight on a rocker. Immunoprecipitates were incubated at
30°C for 45 min in kinase assay buffer mix using IRE1 Kinase assay buffer as listed
in Table 2.10, or commercial Kinase assay buffer from SignalChem K01-09 with
specific ATP analogue (ATP-y-S, 100 pM) and purified hFMRP protein. p-
Nitrobenzyl mesylate (PNBM) and 0.5 M ETDA solution was added to reaction after
45 minutes and incubated for additional 2 hours at RT to alkylate the kinase substrate.
Samples were boiled with SDS-PAGE loading dye at 95°C for 5 min to release the
proteins from magnetic beads. Beads were separated using magnetic rack and

supernatants were analyzed by Western Blot.

32



Table 2.10. IRE1 Kinase assay buffer.

Reagent Stock Final cons.

Hepes pH 7.4 ImM 20 mM

KoAC IM 50mM

MnCI2 IM ImM

MgCI12 IM ImM

Na2Mao4 IM ImM

NaF 500mM 2mM

H20

*Before starting the reaction add fresh phosphatase, protease inhibitors and ATP-
y-S.

Kinase assay for phospho-proteomics: Recombinant active IRE1 (500 ng) and FMRP
(500 ng) proteins were incubated in kinase buffer at 30°C for 45 minutes with ATP-y-
S (100 uM). Samples were then incubated at 24°C for 1 hour with PNBM (2.5 mM).
Samples were boiled in SDS loading buffer at 95°C and loaded to SDS-polyacrylamide
gel (SDS-PAGE) gels. Anti-Thiophosphate ester antibody was used to detect alkylated

kinase substrate.

2.2.9 Identifying phosphorylation sites on hFMRP using Mass

spectrometry

Two in vitro kinase reactions of hFMRP and ERN1, worth 4.5 pg protein each were
methanol-chloroform precipitated [129]. Dried pellets were dissolved in either [1] 8
M urea/100 mM triethylammonium bicarbonate (TEAB, Thermo Scientific 90114),
pH 8.5, or [2] 100 mM ammonium acetate (Sigma-Aldrich A1542), with or without 8
M urea. Proteins were reduced with 5 mM tris(2-carboxyethyl) phosphine
hydrochloride (TCEP-HCI, Thermo Scientific C4709) and alkylated with 10 mM 2-
chloroacetamide (Sigma-Aldrich 22790). Proteins dissolved in urea/TEAB were
digested at 37°C in 0.8 M urea/100 mM TEAB, pH 8.5, sequentially with 500 ng
Trypsin (Promega V5117) for 17 hours, followed by 500 ng Endoproteinase GluC
(NEB P8100S) for 4.5 h and quenched with formic acid, 5 % final concentration, while
proteins dissolved in urea/TEAB or urea/ammonium acetate were digested with 200
ng Proteinase K (Sigma-Aldrich P2308) at 37°C for 30 min and heat-quenched at 90°C
for 15 min (similar reactions in ammonium acetate without urea were performed for

30 min or 15 min followed by 16 h digestion with trypsin) [130]. The digest was
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injected directly onto a 20 cm, 100 um ID column packed with BEH 1.7 um C18 resin
(Waters 186005225). Samples were separated at a flow rate of 400 nl/min on an nLC
1000 (Thermo LC120). Buffer A and B were 0.1% formic acid in 5% acetonitrile and
0.1% formic acid in 80% acetonitrile, respectively. A gradient of 1-25% B over 110
min, an increase to 40% B over next 20 min, an increase to 90% B over another 10
min and a hold at 90% B for the final 10 min was used for a total run time of 140 min.
The column was re-equilibrated with 20 pl of buffer A prior to the injection of sample.
Peptides were eluted directly from the tip of the column and nano-sprayed into the
mass spectrometer by application of 2.8 kV voltage at back of the column. The
Orbitrap Fusion Lumos (Thermo) was operated in data dependent mode. Full MS1
scans were collected in the Orbitrap at 120K resolution with a mass range of 400 to
1500 m/z and an AGC target of 4e5. The cycle time was set to 3 s, and within these 3
s, the most abundant ions per scan were selected for CID MS/MS in the ion trap with
an AGC target of 2e4 and minimum intensity of 5000. Maximum fill times were set to
50 ms and 35 ms for MS and MS/MS scans, respectively. Quadrupole isolation at 1.6
m/z was used, monoisotopic precursor selection was enabled, charge states of 2—7 were
selected, and dynamic exclusion was used with an exclusion duration of 5 s. Samples
were also analyzed with HCD fragmentation (35 NCE) and detection at 7500
resolution.

Protein and peptide identification were done with Integrated Proteomics Pipeline — IP2
(Integrated Proteomics Applications). Tandem mass spectra were extracted from raw
files using RawConverter [131] and searched with ProLuCID [132] against a
concatenated database comprising of amino acid sequences from vendors for FMRP,
hERNI1 and Endoproteinase GluC, UniProt reference proteome of Escherichia coli
K12 (UP000000625) Homo sapiens (UP000005640). The search space included all
fully-tryptic and half-tryptic peptide candidates (no enzyme specificity for sample
treated with Proteinase K). Carbamidomethylation (+57.02146) was considered a
static modification on cysteine, and phosphorylation (+79.966331) was considered a
differential modification on serine/threonine/tyrosine. Data was searched with 50 ppm
precursor ion tolerance and 500 ppm fragment ion tolerance. Identified proteins were
filtered to using DTASelect [133] and utilizing a target-decoy database search strategy
to control the false discovery rate at 1%, at the spectrum level [134]. A minimum of 1
peptide per protein and 1 tryptic end per peptide (no tryptic ends in case of Proteinase

K treatment) were required and precursor delta mass cut-off was fixed at 10 ppm.
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Localization scores were assigned to identified sites of phosphorylation using A-Score

[135].

2.2.10 Site

Directed Mutagenesis

EGFP tagged FMRP plasmid was used as template to introduce site directed

mutagenesis. Phusion High-Fidelity DNA Polymerase (M0530S) was used in the

reaction with the primers listed in Table 2.11, reaction buffer Table 2.12 and in PCR

conditions described in Table 2.13.

Table 2.11. Site-directed mutagenesis PCR primers.

Name Sequence

S500A-F 5> GCATCAAATGCTGCTGAAGCAGAAGCTGACCACAGAGAC 3’
S500A-R 5> GTCTCTGTGGTCAGCTTCTGCTTCAGCAGCATTTGATGC 3°
S500-T502- | 5 GCATCAAATGCTGCTGAAGCAGAAGCTGACCACAGAGAC 3
S504A-F

S500-T502- | 5> GTCTCTGTGGTCAGCTTCTGCTTCAGCAGCATTTGATGC 3’
S504A-R

Table 2.12. Site-directed mutagenesis PCR reaction mixture.

Component 50 pl Reaction Final Concentration
Nuclease-free water to 50 pul

5X Phusion HF or GC Buffer 10 pl 1X

10 mM dNTPs 1 ul 200 uM

10 uM Forward Primer 2.5 ul 0.5 uM

10 uM Reverse Primer 2.5l 0.5 uM

Template DNA variable <250 ng

DMSO (optional) (1.5 ul) 3%

Phusion DNA Polymerase 0.5 ul 1.0 units/50 pl PCR
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Table 2.13. Site-directed mutagenesis PCR cycles.

Step Temperature | Time
Initial Denaturation 98°C 30 seconds
25-35 Cycles 98°C 5-10 seconds
45-72°C 10-30 seconds
72°C 15-30 seconds per kb
Final Extension 72°C 5-10 minutes
Hold 4-10°C

2.2.11 Cholesterol Uptake, Cholesterol Efflux and Foam Cell Formation
Assay

Cholesterol efflux assay: Efflux assay were performed according to manufacturer’s
instructions (ab196985). Briefly, macrophages were pre-loaded with fluorescently
labeled cholesterol for 16 hours in RPMI media including ACAT inhibitor (5 mg/ml),
followed by
apolipoprotein Al (APOA1; 25 pg/ml) or high-density lipoprotein (HDL; 50 pg/ml)

incubation in efflux medium including cholesterol acceptors
for 6 hours. % Efflux was calculated as cholesterol signal in medium/cholesterol signal

in medium and cell using UV spectrophotometer.

Cholesterol uptake assay: Uptake assay were preformed according to manufacturer’s
instructions (ab236212). Briefly, macrophages were pre-loaded with fluorescently
labeled cholesterol for 4 hours in RPMI media. % Cholesterol uptake was measured

after washing with PBS 3X using UV spectrophotometer.

In vitro foam cell formation assay: BMDM were incubated with RPMI containing dil-
labeled ac-LDL (25 pg/ml), 10% lipoprotein-deficient serum and 20% L-Glutamine
for 24 hours. After cholesterol loading, cells were rinsed with PBS and collected in
2% BSA in PBS. Flow cytometry was performed on a BD Fortessa using FACSDiva
software with single stain compensation controls acquired on the same day.

1+/+

In vivo foam cell formation assay: Fmr1*" and Fmr1~~ mice were injected with a gain-

of-function mutant (D377Y) of proprotein convertase subtilisin kexin 9 (PCSK9)-
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encoding adeno-associated virus (AAV_mPCSK9) and fed with 16 weeks of WD to
induced hypercholesterolemia. Apoe”™ mice were fed with 12 weeks of WD with 4
weeks of AMG-18 (30 mg/kg, once a day) injection during the last 4 weeks of WD.
The peritoneal macrophages collected and assessed for lipid accumulation by Oil-Red

O and Hematoxylin staining.

2.2.12 Reverse Cholesterol Transport Assay

Preparation of radiolabel cholesterol: aggregated (ag)-LDL (50 pg/mL, made in
house with endotoxin free LDL isolated from human plasma) and [*H]-cholesterol (5

pCi/mL) were incubated for 1 hour at 37°C in a sterile endotoxin free bottle.

RCT assay: Fmr1** and Fmr1”- BMDM were incubated with radiolabeled ag-LDL for
30 hours followed by warm HBSS wash and equilibration in 2mg/mL fatty-acid free
BSA overnight. Cells were washed twice in ice cold HBSS and incubated with EDTA
(5 mM) for 20 min at 4°C and spun down at 200 x g for 5 min. Cells were resuspended
in ice cold DMEM and injected into C57BL/6 mice subcutaneously in the scruff of the
neck. Blood was collected at 24 hours via the saphenous vein and at 48 hours via
cardiac puncture of anesthetized mice. Plasma was used for liquid scintillation
counting. At 48 hours livers were removed for scintillation counting. Feces were
collected over a 48 hour period, and total feces radioactivity was measured. All [*H]-

tracer measurements are expressed relative to the injected amount.

2.2.13 In vivo and in vitro Efferocytosis Assay

Induction of apoptosis and labeling of Jurkat cells: Jurkat cells were fluorescently
labeled with CellTrace CSFE or Violet (2 uM) in PBS for 20 min. Cells were then
washed ones with PBS and seeded in conditioned DMEM medium followed by
irradiation under a 254 nm UV lamp for 5 min. Cells were incubated under normal cell
culture conditions for 3-4 hours. Apoptosis was confirmed by Anexin V* staining
(minimum 85% Annexin V* cells). The apoptotic cells (ACs) were centrifuged at 500

x g for 5 min and resuspended in conditioned DMEM for experiments.
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In vitro efferocytosis: Bone marrow-derived macrophages were plated in 6-well dishes
at a density of 0.5x10° cells per well. CSFE-labeled ACs were incubated with the
macrophages for 2-4 min at a 5:1 AC:macrophage ratio followed by washing three
times with PBS. Some groups of macrophages were then incubated for another 2 hours
in normal cell culture media, followed by the addition of Violet-labeled ACs. After 2
hours, macrophages were washed three times with PBS to remove unbound ACs, and
then the macrophages were fixed with 4% formaldehyde for 20 min, rinsed three times
with PBS, blocked by TruStain FcX™ (anti-mouse CD16/32) for 10 min and then
stained with PE-F4/80 o/n. The percentage of PE-F4/80" and CFSE" double positive
cells to total PE-F4/80" cells were reported as % efferocytosis and PE-F4/80°, CFSE*
and Violet" triple positive cells to PE-F4/80" and CFSE"* double positive cells were

reported as % continuous efferocytosis.

In vivo efferocytosis: Fmrl1™" or Fmrl”- mice were fed with WD for 16 weeks and
injected with 1x10% CFSE-labeled ACs and 1,5 hours later subsequently peritoneal
lavages were collected and stained for PE-F4/80" resident macrophages. The
percentage of PE-F4/80" and CFSE" double positive cells to total PE-F4/80" cells were
reported as % efferocytosis. Another group of C57BL/6 were injected with AMG-18
(30 mg/kg) or vehicle (DMSO). After 8 hours both groups were interperitoneally
injected with CFSE-labeled ACs and 1.5 hours later peritoneal lavages were collected
and cultured for 30 minutes to allow cells to attach. Macrophages were washed three
times with PBS to remove unbound ACs, and then the macrophages were fixed with
4% formaldehyde for 20 min, rinsed three times with PBS, blocked by TruStain FeX™
(anti-mouse CD16/32) for 10 minutes and then stained with PE-F4/80 o/n. The
percentage of F4/80" and CFSE" double positive cells to total F4/80" cells were

reported as % efferocytosis.
2.2.14 Polysome Fractionation and RNA-Seq

Polysome fractionation protocol was adapted from Stastna et al [136]. Briefly, Fmr1**
and Fmrl”- BMDM were treated with PA (500 pM) for 6 hours followed by
cycloheximide (100 pg/mL) for 10 min prior to lysis with buffer (100 mM KCIl, 20
mM Tris pH 7.5, 5 mM MgCla, 0.4% NP-40, 100 pg/mL cycloheximide, 0.1 U RNase

inhibitor and protease inhibitor cocktail). Clear lysates were loaded to 10-50% sucrose
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gradient (in Beckman Coulter Thinwall, Ultra-Clear tubes, 344059) and centrifuged
(in Beckman LE-80K) for 120 min at 40,000 x rpm at 4°C in a swinging bucket rotor
(Beckman SW41) with no-brake. Each gradient was collected as 17 fractions in
microcentrifuge tubes with continuous monitoring of absorbance at 254 nm (Biologic
LP (pump), Biorad 731-8300; BioFrac, Biorad 741-0002) and frozen immediately at -
80°C for further analysis.

Total RNA was isolated using RNeasy RNA isolation kit (Qiagen, 74004) from polled
fractions HMW (Heavy molecular weight), LMW (Light molecular weight) and NTR
(Non translating region). RNA was quantified on Nanodrop 2000 (Invitrogen) and 3-
6 ng of total RNA was used for polyA enriched RNA sequencing analysis. Services
were purchased from LC Sciences (Texas, USA) for quality control, mRNA

expression profiling and data analysis.
2.2.15 HILAQ (Heavy Isotope-Labeled Azidohomoalanine Quantification)

Fmr1** and Fmrl”~ BMDM cells were pre-treated with methionine-free RPMI
medium for 30 min, then treated with PA (500 uM) together with AHA (Fmr1**) or
hAHA (Fmr1-) for 6 hours. Whole cell lysate of azidohomoalanine (AHA) and heavy
azidohomoalanine (hAHA) labeled samples were combined and proceeded with the
protocol previously described by Ma et al [137]. All materials used in the reactions are

listed in Table 2.14 and solutions in Table 2.15.

Table 2.14. Material list for HILAQ labeling.

Product Brand Cat no

hAHA, L-AZIDOHOMOALANINE:HCL | Cambridge Isotope | CNLM-9461-

(1,2,3,4-13C4, 99%; 2,4-15N2, 98%) Laboratories 0.1

AHA, L-AZIDOHOMOALANINE:HCL Cambridge Isotope

UNLABELED Laboratories ULM-9460-0.1
: 360538-

Tert-Butanol Sigma SOOML

Tris [(1 -bepzyl- 1H-1,2,3-triazol-4-yl) Sigma 678937-50MG

methyl]amine

Biotin-Alkyne Invitrogen B10185

Copper (1) sulfate Sigma 451657-10G

Trichloroacetic acid solution Sigma T0699-100ML
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Product Brand Cat no
Tris(2-carboxyethyl)phosphine .
hydrochloride Sigma 4706
Acetone (HPLC), Fisher Chemical™ Fisher Sci A949SK-1
Urea Sigma U5378-100G
Cytiva (Formerly GE Healthcare Life
Sciences) HyClone™ Fetal Bovine Serum | Fisher Sci SH3007901HI
(U.S.), Dialyzed
Gibco™ GlutaMAX™ Supplement Fisher Sci 35-050-061
Gibco™ Sodium Pyruvate (100 mM) Fisher Sci 11-360-070

i -
Gibco . HBSS, no calcium, no Fisher Sci 14-175-095
magnesium, no phenol red

M ™

Prome.gaT ProteaseMAX™ Surfactant, Fisher Sci PRV2071
Trypsin Enhancer
2-Chloroacetamide Sigma 22790-250G-F
Ammonium bicarbonate Sigma 09830-500G
Promgga Sequencing Grade Modified Fisher Sci PRV5117
Trypsin
Thermo Scientific™ Pierce™ : .
Fluorescence Biotin Quantitation Kit Fishedld P146610
Thermo Scientific™ Pierce™ . .
NeutrAvidin™ Agarose Bisher Sci P129200
Acetonitrile, 99.9%, Extra Dry over
Molecular Sieve, AcroSeal™, ACROS Fisher Sci AC364315000
Organics
Trifluoroacetic acid (TFA) Sigma T6508-25ML
Thermo Scientific™ Pierce™ High : .
Capacity NeutrAvidin™ Agarose, Sml Fisher Sci P129202

Table 2.15. Stock solutions used in HILAQ labeling.

Solution

Composition

hAHA 1 M stock solution
(L-Azidohomoalanine-HCl,
13C4, 15N2)

Dissolve 18.655 mg of hAHA in 100 pl of
molecular biology—grade water to make a 1 M
stock. Store at —20 °C, protected from light,
until precipitate can be seen.

AHA 1 M stock solution
(L-Azidohomoalanine:HCL
unlabeled ULM-9460-0.1)

Dissolve 18.095 mg of AHA in 100 pl of
molecular biology—grade water to make a 1 M
stock. Store at —20 °C, protected from light,
until precipitate can be seen.

TBTA Dissolve 8.85 mg of TBTA in 200 ul of DMSO
50X stock solution and vortex. Store at RT.

Add 20 pl of 50X stock to a glass vial
1.7 mM TBTA containing 180 pl of DMSO. Vortex and add

800 ul of tert-butanol. Store at RT until
precipitate can be seen.
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Solution

Composition

Biotin-alkyne S mM stock
solution

Dissolve 25 mg of biotin-alkyne in 10.927 ml
of DMSO to obtain a 5 mM stock solution.
Make 500-pl aliquots and store them at —20 °C
for up to 1 year. Protect the solution from light.
Do not freeze—thaw.

TCEP 50 mM stock solution

Dissolve 14.3 mg of TCEP in 1 ml of
molecular biology—grade water to make a 50
mM stock. Prepare fresh. Handle with caution,
TCEP powder is corrosive.

Copper (I1I) sulfate 50 mM
stock solution

Dissolve 7.98 mg of copper sulfate in 1 ml of
molecular biology—grade water to make a 50
mM stock. Make 50-pl aliquots and store them
at —20 °C for up to 6 months. Do not freeze—
thaw.

Complete BMDM culture
medium

RPMI high-glucose medium with 10%
(vol/vol) FBS, 20% (vol/vol) FBS, 1%
(vol/vol) L-glu and 1% (vol/vol) penicillin—
streptomycin. This medium can be stored at
4°C, protected from light, until precipitate can
be seen.

Pre-treatment medium

Dissolve 1% (wt/vol) Fatty acid-free BSA in
RPMI and sterilize by 0.22(um) filter. Heat the
medium to 60°C and dissolve 500uM Palmitic
acid.

Pre-Labeling medium

Dissolve 1% (wt/vol) Fatty acid-free BSA in
Met-free RPMI and sterilize by 0.22(pm)
filter.

Labeling medium

Dissolve 1% (wt/vol) Fatty acid-free BSA in
Met-free RPMI and sterilize by 0.22(pm)
filter. Heat the medium to 60°C and dissolve
500uM Palmitic acid. Add 4mM AHA or
hAHA.

Lysis buffer

Add protease and phosphatase inhibitors to
DPBS.

2.2.16 Bioinformatic analysis

IPA was performed to identify canonical pathways, diseases and functions, and gene
networks that are most significant to microarray outcomes and to categorize
differentially expressed genes in specific diseases and functions in RNA-Seq and AHA

proteomics assays.
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2.2.17 En Face Aorta and Macrophage Oil-Red O staining

Aortas opened longitudinally and foamy-macrophages were rinsed with PBS for 1 min
then 60% isopropanol for 1 min and stained with Oil-Red O solution for 20 min and
then distained in 60% isopropanol for 1 min and rinsed in PBS. The lesion area was

quantified as percent of Oil-Red O staining area in total aorta area.

2.2.18 Immunohistochemistry

7 um thick aortic root cryosections (from OCT embedded heart tissue) were stained
with antibodies for: anti-MOMA-2 (1:500) and anti-a-SMA (1:500) and images were
captured with fluorescent microscope. Cryosections were stained with Masson’s
Trichrome, TUNEL, Hematoxylin and Eosin (H&E) according to manufacturer’s
instructions. Cryosections were stained with H&E for morphometric lesion analysis.
The total lesion area and necrotic area were quantified as previously described from 4
sequential sections (60 uM apart, beginning at the base of the aortic root) as previously
described [35]. Foam cell area was calculated from Oil-Red O stained 4 sequential
sections (60 uM apart, beginning at the base of the aortic root) and collagen content

from Masson’s Trichrome stained sections using ImageJ as previously described [35].

Fluorescent immunostainings were carried out on cryosections that were fixed in cold
acetone for 10 minutes, blocked in goat serum/BSA/PBS as previously described. All
stained sections were mounted with fluoroshield mounting reagent with DAPI.
Fluorescent signal calculations: (a) TUNEL staining: the sections were double stained
with MOMA-2 to mark the macrophage-enriched area. The Mean Fluorescent
Intensity (MFI) corresponding to primary antibody signal was calculated from the
MOMA-2 positive area. The background fluorescence of the non-stained area inside
the lesion was subtracted from the total MFI corresponding to each signal (b) a-SMA
staining: a-SMA positive area was calculated from the plaque area. The background
fluorescence of the non-stained area inside the lesion was subtracted from the total
MFI corresponding to each signal. Data were quantified as total MFI signal compared
with baseline [35, 91].

Human plaque immunohistochemistry from parafilm embedded tissue sections:

Incubate slides at 65°C for 60 min facing up. Deparaffinize twice in xylene for 5
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minutes. Hydrate in 100%, 95%, 70% EtOH and H20. Place in 10% Formalin for 30
minutes. Wash 2x in H20. Place into TRIS EDTA 1x, 0.05% Tween20 with 10%
glycerol for antigen retrieval for 20 min in steamer. Cool in ice bath for 20-30 min.
Rinse with distilled water 3x, then leave in 1XTBST x 1 min. Circle sections with a
hydrophobic pen. Block with blocking solution for 10 min at RT. Add primary
antibody into blocking solution (1x) at a 1:50-1:200 ratio and close the slide box,
incubate for 60-90 minutes at RT or overnight in cold-room. Wash in 1XTBST x 3.
Add secondary antibody HRP polymer conjugated (Premixed anti-mouse, anti-rabbit,
and rat in 4°C) and incubate for 15 minutes at RT. Wash in 1XTBST x 3 washes.
Prepare Opal dyes (520, 570, 650) at desired conc. (usually 1:200-1:400) in 1X
amplification buffer and incubate slides for 10 minutes. Wash immediately with TBST
x 3. Proceed to antibody removal by submerging slides in citrate buffer (pH 6.0) with
10% glycerol and boiling for 20 min, cool down slides, and wash with DI H20 3X and
keep slides in TBST. Stain nuclei with DAPI at 4 ug/ml for 5 minutes and wash 3X
with DI water. Mount slides using 1 drop of progold antifade solution and a glass cover

slide.

2.2.19 Apoptosis Detection by Flow Cytometry

Apoptosis was induced after treatments by PA (500 uM) treatment for 12 hours. Fc
receptors were blocked by pre-incubating cells with 0.25ug of TruStain FcX™ PLUS
(anti-mouse CD16/32) Antibody per 10° cells for 5-10 minutes on ice. Cells were then
incubated with PI on ice for 20 minutes in the dark followed by 2X with 2ml of cell
staining buffer. Cells were resuspended in 500 pl of cell staining buffer and analyzed
on a BD Fortessa using FACSDiva software with single stain compensation controls

acquired on the same day. Data were analyzed using FlowJo analysis software

(FlowJo, LLC).

2.2.20 Flow Cytometric analysis of Peripheral Blood

100 pl of blood was collected in EDTA-coated tubes and red blood cells were removed
by incubation (3X) in Ammonium-Chloride-Potassium (ACK, Thermo Fisher

A1049201) solution for 5 min at room temperature. Peripheral blood mononuclear
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cells were then resuspended in FACS buffers (2% BSA in PBS) and incubated for 20
min on ice with the following antibodies: anti-CD45-Pac. Blue (clone 30-F11), CD3e-
PE (Clone 145-2C11), CD11b-APC (Clone M1/70), CD19-BV650 (Clone 6D5),
Ly6C-PE/Dazzle (Clone HK1.4) and Ly6G-PerCP CyS5.5 (1A8) in 1:100 dilution ratio.
Stained samples were washed once and resuspended in FACS buffer containing DAPI
(4 ng/ml). Flow cytometry was performed on a BD Fortessa using FACSDiva software
with single stain compensation controls acquired on the same day. Data were analyzed
using FlowJo analysis software (FlowJo, LLC). All antibodies were purchased from
Biolegend (San Diego, CA) and used at the manufacturer’s recommended

concentrations.

2.2.21 Plasma Lipids and Lipoprotein Analysis

Plasma was analyzed by FPLC in the Department of Internal Medicine/Lipid Science,
Wake Forest University School of Medicine Winston-Salem, NC 27019 as described
[35]. The total cholesterol and triglyceride measurement were performed using

WAKO Cholesterol E kit according to the manufacturer’s instructions.

2.2.22 Statistics

Results are reported as mean + SEM and statistical significance was determined with
Unpaired t-test with Welch’s or Mann-Whitney correction test by GraphPad Software,
LLC. *P<0.05, **P< 0.01, ***P<0.001 was considered as * significan
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CHAPTER 3 RESULTS

3.1 Lipids Induce FMRP Phosphorylation in IRE1 Kinase-

dependent Manner

Previously published mass spectrometry-based IRE1 interactome data revealed
multiple FMRP-interacting proteins potentially associating with IRE1 (Fig 3.1A)
[125]. These proteins share significant sequence homology with FMRP and are usually
found in homo/heteromeric complexes with FMRP [138]. Based on these
observations, I reasoned that FMRP might also physically interact with IRE1. Indeed,
FMRP co-immunoprecipitated with IREl in non-stress and ER stress conditions
induced by thapsigargin (TG; an inhibitor of the ER Ca?" pump) and tunicamycin (TM;
an inhibitor of N-linked glycosylation) from human embryonic kidney cell line
(HEK293T) cells that were transiently transfected with plasmids encoding both
proteins (Fig 3.1B).

A B
kDa
IP:IRE1 | & s s =80
IB:FMRP
IP:lgG —80
IP:IRE1| & e b —110
IB:IRE1
IP:IQG —110
IB:FMRP | s s s (—80
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IB:IRE1 — — —110

NT TG T™M

Figure 3.1. FMRP is a novel IRE1 kinase substrate.

(A) STING analysis of published IRE1 interactome proteins in relation to FMRP. (B)
HEK293T cells were co-transfected with IRE1 and FMRP plasmids and stimulated
with TG (600 nM) or TM (1 mg/ml) for 2 hours. Protein lysates were
immunoprecipiated (IP) with anti-IRE1 or IgG (control) antibodies and analyzed by
Western blotting using specific antibodies for FMRP and IRE1 (n=3). For all
experiments, a representative blot is shown from at least (n=3) independent
experiments. Data are mean + SEM. Unpaired t-test with Welch’s correction or paired
t-test. *P<0.05, **P<0.01, ***P<0.001.
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Since FMRP phosphorylation is critical for translation suppression and the association
with IRE1 juxtaposes it to a kinase whose substrate is unclear, [ wondered whether ER
stress alters FMRP phosphorylation state. To assess this possibility, I treated cultured
macrophages with known ER stressors; TG and oxidized low density lipoprotein
(oxLDL, another inducer of ER stress). Using specific antibodies that recognize S724
phosphorylation on IRE1 and S500 phosphorylation on FMRP [139, 140], I found that
TG and oxLDL significantly induced IRE1 autophosphorylation and FMRP
phosphorylation but did not affect levels of FMRP protein or Fmrl mRNA (Fig 3.2A-
C). Phosphatase treatment of the samples partially reversed the ER stress-induced
increase in the pFMRP/FMRP ratio (Fig 3.2A and 3.2B), implying FMRP
phosphorylation is enhanced by these ER stressors.
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Figure 3.2. FMRP is phosphorylated by ER stress.

(A) RAW 264.7 mouse macrophages were treated with either oxLDL (50 pg/ml) or
TG (300 nM) for 6 hours. Protein lysates were treated with A Phosphatase (PPase) for
30 minutes and analyzed by western blotting using specific antibodies for pFMRP,
FMRP, pIRE1, IRE1 and B-Actin. pPFMRP/FMRP fold induction is depicted above the
blots (n=6). (B) Western blot quantifications for pPFMRP/FMRP ratio in Fig 3.1A. (C)
qRT-PCR analysis of Fmrl mRNA from the samples in Fig 3.1A (n=4). A
representative blot is shown from at least (n=3) independent experiments. Data are
mean + SEM. Unpaired t-test with Welch’s correction or paired t-test. *P< 0.05, **P<
0.01, ***P< 0.001.

Previous studies showed that hyperlipidemia induces ER stress in plaque macrophages
in vivo [42, 141]. I next investigated whether hyperlipidemia also has an effect on
FMRP phosphorylation on S499 (mouse S499 corresponds to human S500). To this
end, I used mice deficient in apolipoprotein E (Apoe™) as this a protein found in

plasma lipoprotein particles and facilitates cholesterol clearance from the circulation
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[142]. In agreement with previous reports, I observed that ER stress (as monitored by
IRE1 autophosphorylation) was induced in the peritoneal macrophages (PM) obtained
from hyperlipidemic, Apoe” mice that were fed with a WD for 16 weeks when
compared to Apoe”” mice fed with chow diet (CD) (Fig 3.3A). I found that FMRP
S499 phosphorylation, which leads to FMRP-mediated translational suppression, was
1.4-fold elevated (p < 0.01) by a chronic exposure to hypercholesterolemia, whereas

FMRP protein and Fmrl mRNA expression levels remained unchanged (Fig 3.3A-C).
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Figure 3.3. Lipid accumulation leads to FMRP phosphorylation.

(A) Apoe” mice were fed with CD or WD for 16 weeks followed by peritoneal
macrophage (PM) isolation. Protein lysates were analyzed by western blotting using
specific antibodies for pFMRP, FMRP, pIRE1, IRE1 and B-Actin. pPFMRP/FMRP-
fold induction is depicted above the blots (n=5). (B) Western blot quantifications for
pFMRP/FMRP ratio in Fig 3.3A. (C) qRT-PCR analysis for Fmrl mRNA from the
samples in Fig 3.3A (n=3). For all experiments, a representative blot is shown from at
least (n=3) independent experiments. Data are mean = SEM. Unpaired #-test with
Welch’s correction or paired ¢-test. *P< 0.05, **P<0.01, ***P<0.001.

I further investigated FMRP phosphorylation in human atherosclerotic disease model,
where macrophages are loaded with lipids and ER stress is activated with lipid
accumulation. Co-staining of CD68 (a macrophage marker) pFMRP in human carotid
artery sections showed that foamy macrophages located in plaque areas had

significantly higher pFMRP (Fig 3.4).
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Figure 3.4. pFMRP is increased in foamy macrophages in human carotid artery
plaques.

Parafilm sections from patients with atherosclerosis in carotid artery (disease) and no
disease (control) groups were co-stained for CD68 (macrophages, red) and pFMRP
(green) (n=5). pFMRP was quantified per uyM2 CD68" area.

I next asked what role IRE1 plays in ER stress induced FMRP phosphorylation. To
address this question, I transfected IRE1-specific siRNA to suppress IRE1 expression
in a human cell line, followed by ER stress induction by a saturated fatty acid,
palmitate (PA), that is known to induce ER stress, or TG. While both ER stressors
induced the phosphorylation of IRE1 and FMRP, this was prevented in IRE1 knock-
down cells (Fig 3.5A 3.5B).
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Figure 3.5. ER stress-induced FMRP phosphorylation is mediated by IRE1.

(A) Control- or IRE1-siRNA transfected HEK293T cells were stimulated by either PA
(500 uM) or TG (600 nM) for 4 hours. Protein lysates were analyzed by western
blotting using specific antibodies for pFMRP, FMRP, pIRE1, IRE1 and B-Actin.
pFMRP/FMRP fold induction is depicted above the blots (n=4). (B) Western blot
quantifications for PFMRP/FMRP ratio in Fig 3.5A.

In addition, I analyzed hypercholesterolemia-induced FMRP phosphorylation in PMs
obtained from Apoe” mice with a genetic deletion of IREla in the myeloid lineage
(IRE17") (see Methods) after feeding with CD or WD for 16 weeks. FMRP
phosphorylation, but not FMRP protein or Fmrl mRNA, was two-fold reduced (p <
0.01) in PM isolated from IRE1”-mice when compared to those isolated from IRE1*"*
mice (Fig 3.6A-C). While these results show a clear reduction of FMRP
phosphorylation upon siRNA treatment or gene knock-out, I observed residual signal

in both cases (Fig 3.5A and 3.6A).
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Figure 3.6. WD induced FMRP phosphorylation is regulated by IRE1.

(A) Protein lysates of thioglycolate-elicited PM from IRE10"* and IRE10” mice (after
16 weeks on WD) were analyzed by western blotting using specific antibodies for
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pFMRP, FMRP, pIREI, IRE1 and B-Actin. pPFMRP/FMRP fold induction is depicted
above the blots (n=4). (B) Western blot quantifications for pPFMRP/FMRP ratio in
FiglF. (C) qRT-PCR analysis for Fmrl mRNA from the samples in FiglF (n=6). For
all experiments, a representative blot is shown from at least (n=3) independent

experiments. Data are mean + SEM. Unpaired #-test with Welch’s correction or paired
t-test. *P<0.05, **P<0.01, ***P<0.001.

As 1 confirm below (Fig 3.9), the antibody used in these experiments is
phosphorylation specific. 1 therefore surmise that partial phosphorylation on
S500/S499 may also be mediated by the other kinases that are known to phosphorylate
this residue on FMRP [143, 144], in addition to IREI as I show here. Collectively, my
in vitro and in vivo results strongly support that ER stress-induced activation of IRE1

kinase leads to enhanced phosphorylation of FMRP on S500/S499.

3.2 IRE1 phosphorylates FMRP

To begin investigating the role of IRE1’s kinase activity in ER stress-induced FMRP
phosphorylation, I expressed a 3xFLAG-tagged IRE1 (FLAG-IRE1) and/or EGFP-
FMRP in wild type MEFs. Tagged FMRP and IRE1 can be detected above endogenous
FMRP and IREI as they are heavier due to the molecular weight of their tags. In all
conditions, the MEFs were TG-treated (to stimulate IRE1 kinase activity) in the
absence or presence of an IRE1 kinase-specific inhibitor (AMG-18) [91, 145-148]. In
the absence of AMG-18, both IRE1 and FMRP were phosphorylated. AMG-18
treatment prevented IREl phosphorylation while clearly reducing FMRP
phosphorylation (Fig 3.7A and 3.7B). While this data further supports the notion that
IRE1 phosphorylates FMRP during ER stress, alternative kinase(s) appears to mediate
the same reaction. This is consistent the published data that several kinases can
phosphorylate the same residue on FMRP [143, 144]. Furthermore, in an in vivo
setting where mice were injected with TM to induce IREI kinase activity, treatment
with AMG-18 inhibited IRE1 kinase activity and reduced FMRP phosphorylation in
PM (Fig 3.7C and 3.7D). Moreover, IRE1 RNase domain inhibition by specific
inhibitor, 4u8c, did not alter FMRP phosphorylation (Fig 3.7E, 3.7F and 3.7G). Taken
together, my findings support the notion that IRE1 kinase activity makes an important
contribution to ER stress-induced FMRP S499 phosphorylation in mouse macrophages
and MEFs as well as S500 in HEK293T cells. My data also supports that other known
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or unknown FMRP kinase(s) are responsible for basal FMRP phosphorylation that is

observed in non-stress conditions.
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Figure 3.7. IRE1 Kinase domain dependent FMRP phosphorylation.

(A) MEF cells were transfected with either empty vector, EGFP-FMRP or 3xFLAG-
IRE1 plasmids then pre-treated either with vehicle (DMSO) or AMG-18 (25 uM; 1
hour) followed by TG (600 nM) stimulation for 4 hours. Protein lysates were analyzed
by western blotting using specific antibodies for pPFMRP, FMRP, pIRE1, IRE1 and -
Actin. pPFMRP/FMRP fold induction is depicted above the blots (n=4). (B) Western
blot quantifications for pPFMRP/FMRP ratio in Fig 3.7A. (C) C57BL/6 were injected
either with DMSO or AMG-18 (30 mg/kg; 8 hours), followed by TM injection (1
mg/kg; 8 hours). Protein lysates of thioglycolate-elicited PM were analyzed by western
blotting using antibodies for pFMRP, FMRP, pIREl, IRE1 and p-Actin.
pFMRP/FMRP fold induction is depicted above the blots (n=4). (D) Western blot
quantifications for pPFMRP/FMRP ratio in Fig 3.7C. (E) BMDM cells were collected from
C57BL/6 mice and pre-treated with 4u8c (100uM) followed by PA (500 uM) for 6 hours
(n=4). (F) Western blot quantifications for pFMRP/FMRP ratio in Fig 3.7E. (G) qRT-
PCR analysis for Xbpls mRNA from the samples in Fig 3.7E (n=6). For all
experiments, a representative blot is shown from at least (n=3) independent
experiments. Data are mean + SEM. Unpaired t-test with Welch’s correction or paired
t-test. *P<0.05, **P<0.01, ***P<0.001.
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To ask whether IRE1 can phosphorylate FMRP directly, I employed in vitro assays.
To this end, I immunoprecipitated wild type (WT) or kinase dead (KD) mutant IRE1
from HEK293T cells (after treating with ER stressor) and incubated the
immunoprecipitates with purified, recombinant human FMRP protein in a kinase
reaction. The reaction included ATP-y-S instead of ATP, which allows kinases to thio-
phosphorylate their substrates. The resultant kinase reaction was analyzed by Western
blotting using an anti-thiophosphate ester antibody. In the reaction containing IRE1-
WT, both proteins were thio-phosphorylated, but not in the reaction containing the
IRE1-KD mutant (Fig 3.8A). To determine the specific amino acids phosphorylated
by IRE1, I performed the kinase reaction using purified, recombinant human IRE1-
kinase/RNase domains (amino acids 468-977) and human FMRP proteins. Both IRE1
and FMRP were phosphorylated in this reaction in an AMG-18-sensitive manner (Fig
3.8B). Liquid chromatography-mass spectrometry (LC-MS/MS)-based analysis of the
phosphorylated FMRP residues in this kinase reaction revealed eight IRE1-induced
phosphorylation sites on FMRP at serine (S362, S494, S497, S500, S504) and
threonine (T502, T592, T594) (Fig 3.8B, 3.8C and 3.8D) Data are available via
ProteomeXchange with identifier PXD030594). Importantly, S500 in human FMRP)
is the previously identified FMRP phosphorylation site that was shown to enhance
FMRP-mediated translational suppression [143, 144, 149-153].
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Figure 3.8. FMRP is phosphorylated by IRE1.

(A) HEK293T cells were transfected with either empty vector (EV), IRE1I-WT or
IRE1-KD plasmids and stimulated by TG (600 nM; 1 hour). Protein lysates from each
transfection were separately immunoprecipitated (IP) with anti-IRE1 antibody and
subjected to a kinase reaction with purified hFMRP protein and ATP-y-S (100 uM) in
kinase buffer. The IP protein were analyzed by western blotting using specific
antibodies for thiophosphate esters (ThioP), IRE1 and FMRP (n=3). (B) Purified
FMRP and IRE1 kinase (activated) proteins were subjected to kinase assay and
analyzed by western blotting using specific antibodies for ThioP, IRE1 and FMRP
(n=3) and with LC-MS/MS. Identified IRE1 kinase-mediated FMRP phosphorylation
sites. (C) pFMRP sequence covered (83%) with two different digestion strategies —
Proteinase K (red text) and Trypsin-GluC (highlighted yellow) using LC-MS/MS in
samples from Fig 3.8B. (D) LC-MS/MS identified phosphorylated peptides from the
samples in Fig 3.8B; with sites of phosphorylation (AA), charge state (z), identification
parameters (XCorr and DeltaCN — greater values indicate higher confidence by
peptide-spectrum match/PSM), measured precursor mass ([M+H]"), and a confidence
score for localization of phosphorylation on an amino acid (A-Score, value > 19 and >
13, represent > 99% and > 95% confidence, respectively); the peptide marked with (>)
was evaluated further. For all experiments, a representative blot is shown from at least
(n=3) independent experiments. Data are mean = SEM. Unpaired z-test with Welch’s
correction or paired ¢-test. *P< 0.05, **P<0.01, ***P<0.001.
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Using site-directed mutagenesis, I engineered two mutant versions of FMRP, in which
I either changed S500 to alanine (SA mutant) or S500, T502, and S504 to alanine
(STSA triple mutant) to block phosphorylation at S500 and amino acids in its
proximity. I then induced ER stress with PA in Fmr1”~ MEFs transiently transfected
with wild type (WT) FMRP and FMRP mutants (SA and STSA). PA induced FMRP
phosphorylation in WT FMRP-reconstituted cells but failed to do so in cells expressing
the SA and STSA mutants of FMRP (Fig 3.9). These data confirm the specificity of
the FMRP antibody for phosphorylated S500 and is consistent with the notion that
IRE1 kinase directly phosphorylates human FMRP protein on S500.
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Figure 3.9. Site-directed mutagenesis of phospho-sites on FMRP.

Fmr1”- MEF were transfected either with EV, WT-FMRP, SA-FMRP or STSA-FMRP
plasmids followed by PA treatment (500 uM; 6 hours). Protein lysates were analyzed
by western blotting using specific antibodies for FMRP, pFMRP, pIRE1 and -Actin.
pFMRP/FMRP fold induction is depicted above the blots (n=3). A representative blot
is shown from at least (n=3) independent experiments.

3.3 IRE1-FMRP Signaling Induce Foam Cell formation

I next wondered what role FMRP plays in macrophage biology that is relevant to
atherosclerotic plaque development. I performed an in vivo macrophage foam cell

formation assay in the peritoneum of Fmrl”" and Fmrl™*

mice, using a well-
established method in which I induced hyperlipidemia using a combination of
adenoviral-delivery of proprotein convertase subtilisin kexin 9 (AAV_PCSK9), a
protein that directs hepatic low density lipoprotein (LDL) receptors for degradation,
and feeding with WD for 16 weeks [154-156]. FMRP-deficiency significantly reduced
foam cell formation in vivo (Fig 3.10A). Next, I fed Apoe” mice with a WD (12 weeks)
and injected them daily? with the IRE1 kinase inhibitor, AMG-18, or vehicle for the

last 4 weeks. AMG-18 reduced foam cell formation in the peritoneum in vivo (Fig
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3.10B). This result indicates that IRE1-FMRP signaling axis enhances foam cell

formation in vivo.
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Figure 3.10. FMRP deficiency reduce foam cell formation in vivo.

(A) Fmr1"" and Fmrl-- mice were injected with AAV_PCSK9 and fed with 16 weeks
of WD. Residential PM were stained with Oil Red O (ORO) and imaged (n=7; Scale
bar = 50 um). (B) Apoe-/- mice were fed with WD (12 weeks) and injected with
vehicle (DMSO) or AMG-18 (30 mg/kg/day) in the last 4 weeks of WD. Residential
PM were stained with ORO and imaged (n=5; Scale bar = 50 um). Data are mean +
SEM. Unpaired t-test with Welch’s correction. *P< 0.05, **P<0.01, ***P< 0.001.

I further validated my in vivo results by transfecting wild type BMDMs with either
Fmrl-specific or control siRNA and followed by loading the cells with 3,3'-
dioctadecylindocarbocyanine (dil)-labeled acetylated LDL (Ac-LDL) [157]. Flow
cytometry analysis revealed that Fmrl silencing significantly reduced cholesterol
accumulation in macrophages (Fig 3.11A and 3.11B). Likewise, Fmrl”~ BMDM
displayed reduced foam cell formation when compared to Fmrl™* BMDM (Fig
3.11C). A similar reduction in foam cell formation was observed with the IRE1 kinase

inhibitor (Fig 3.11D).
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Figure 3.11. FMRP regulates foam cell formation in vitro.

(A) Flow cytometry analysis of control- or Fmr1-siRNA transfected BMDM after dil-
ac-LDL (25 pg/ml) loading for 24 hours (n=4). (B) Protein lysates from macrophages
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used in Fig 3.11A were analyzed by western blotting using specific antibodies for
FMRP and B-Actin. (C) Flow cytometry analysis of Fmr1** and Fmr1”- BMDM after
dil-ac-LDL (25 pg/ml) loading for 24 hours (n=5). (D) Flow cytometry analysis of
BMDMs pre-treated with either vehicle (DMSO) or AMG-18 (5 uM; 1 hour) after dil-
ac-LDL (25 pg/ml) loading for 24 hours (n=6). Data are mean = SEM. Unpaired ¢-test
with Welch’s correction. *P<0.05, **P<0.01, ***P<0.001.

These results show that both the inhibition of IRE1 kinase activity and the genetic
deletion of its proposed substrate, FMRP, reduce foam cell formation in vitro and in
vivo. Reduced foam cell formation could be explained with less cholesterol uptake
and/or increased cholesterol efflux. Both FMRP knock down and IREI kinase
inhibition did not alter cholesterol uptake in macrophages (Fig 3.12A). I reasoned that
this observation could be related to an increase in cholesterol export (RCT; due to
increased translation of cholesterol exporters) from Fmrl”~ macrophages. Indeed,
FMRP deficiency led to an increase in cholesterol efflux coupled to its loading onto
the cholesterol carriers, apolipoprotein-Al (APOA1) and HDL (Fig 3.12B), and,
likewise, the IRE1 kinase inhibitor enhanced cholesterol efflux (Fig 3.12C). Thus, ER
stress-associated reduction in cholesterol efflux is dependent on both IRE1 kinase

activity and FMRP.
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Figure 3.12. FMRP blocks cholesterol efflux.

(A) Fmrl” or AMG-18 pre-treated cells (10 pM, 1 hour) were treated with
fluorescently labeled cholesterol for 4 hours (n=6). (B-C) Macrophages were pre-
loaded with fluorescently labeled cholesterol (16 hours) followed by incubation in
efflux medium including APOAT1 (25 pg/ml) or HDL (50 pg/ml) as acceptors for 6
hours. % Efflux was calculated as cholesterol signal in medium/cholesterol signal in
medium and cell: Cholesterol efflux in (B) Fmr1** and Fmrl”- BMDM (n=4) and in
(C) BMDM that were pre-treated either with DMSO or AMG-18 (5 uM; 1 hour) (n=4).
Data are mean = SEM. Unpaired #-test with Welch’s correction. *P< 0.05, **P< 0.01,
*##P<0.001.
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Next, I determined whether the absence of FMRP in BMDMs also enhances RCT in
vivo. To this end, I pre-loaded Fmr1™* and Fmr1-- BMDMs with [*H]-cholesterol and
injected the cells subcutaneously into WT mice (Fig 3.13A). FMRP-deficiency in
macrophages significantly increased radioactivity counts ([*H]-cholesterol) in the
plasma, liver, and feces of the recipient mice, when compared to recipient mice that
received Fmr1** macrophages (Fig 3.13B-D), demonstrating that FMRP-deficiency

in macrophages enhances RCT in mice.
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Figure 3.13. FMRP deficiency enhances RCT.

(A) Schematic representation of C57BL6 mice were injected with [*H]-cholesterol-
loaded foamy Fmr1™* and Fmr1”- BMDM, (B) plasma cholesterol levels after 24 and
48 hours, (C) liver cholesterol levels after 48 hours, and (D) feces cholesterol levels
after 48 hours (n=12). Data are mean + SEM. Unpaired #-test with Welch’s correction.
*P<0.05, **P<0.01, ***P< 0.001.

3.4 FMRP Regulates Macrophage Efferocytosis

I next investigated the impact of FMRP-deficiency on efferocytosis, a primary process
that promotes atherosclerotic plaque regression by removing apoptotic macrophages
in the lesion area. To this end, I transfected BMDM (red fluorescent-stained) with
Fmrl-specific or control siRNA and incubated them with green fluorescent-labeled
ACs, in which apoptosis was induced by ultraviolet (UV) irradiation. FMRP knock-
down increased efferocytosis of ACs (as measured by colocalization of the fluorescent

markers), when compared to control (Fig 3.14A). FMRP-deficient BMDMs also
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increased efferocytosis when compared to wild type BMDMs under both no-stress and

PA-induced ER stress conditions (Fig 3.14B).

1" mice as described above using

Next, I induced hyperlipidemia in Fmr1”- and Fmr
a combination of AAV_PCSKO injection and feeding with a WD. I then injected the
mice intraperitoneally with green fluorescent-labeled ACs and harvested PM
macrophages. FMRP-deficient PMs displayed enhanced efferocytosis compared to

WT PMs (Fig 3.14C).
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Figure 3.14. FMRP deficiency increases efferocytosis in vivo.

(A-C) In vitro and in vivo efferocytosis experiments, where percentage of
macrophages F4/80" (red) that ingested apoptotic cells (AC) labeled with
carboxyfluorescein succinimidyl ester (CFSE)* (green) were reported as %
efferocytosis: (A) BMDMs were transfected with Fmrl- or control-siRNA and
incubated CFSE-labeled AC for the indicated hours (n=4), (B) Fmr1"" and Fmrl-
BMDMs were treated with PA (500 uM) for 6 hours and then incubated with CFSE-
labeled ACs for 4 hours (n=4), (C) Fmr1*"* and Fmr1”~ mice were fed WD (16 weeks)
and injected intraperitoneally with CFSE-labeled AC (1.5 hours), followed by PM
elicitation (n=4-5). For all images scale bar = 50 um; Red: Macrophages, Green: AC.
Data are mean = SEM. Unpaired #-test with Welch’s correction. *P< 0.05, **P< 0.01,
***%p<0.001.
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I next asked how IREI kinase activity impacts efferocytosis by macrophages. I
observed that AMG-18 increased efferocytosis of ACs in BMDMs (Fig 3.15A). Next,
I injected wild type mice with AMG-18 (for 8 hours) followed by injection of green
fluorescent-labeled ACs. AMG-18 also induced efferocytosis of ACs by PM in vivo
(Fig 3.15B).
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Figure 3.15. IRE1 kinase domain regulates efferocytosis.

(A-B) In vitro and in vivo efferocytosis experiments, where percentage of macrophages
F4/80" (red) that ingested apoptotic cells (AC) labeled with carboxyfluorescein
succinimidyl ester (CFSE)* (green) were reported as % efferocytosis: (A) BMDM
were pre-treated either with vehicle (DMSO) or AMG-18 (5 uM) for 1 hour then
incubated with CFSE-labeled ACs for 4 hours (n=4), (B) C57BL/6 mice were injected
with AMG-18 (30 mg/kg) or vehicle (DMSO) for 8 hours, followed by intraperitoneal
injection with CFSE-labeled ACs for 1.5 hours and PM elicitation (n=4). For all
images scale bar = 50 um; Red: Macrophages, Green: AC. Data are mean + SEM.
Unpaired z-test with Welch’s correction. *P< (.05, **P< 0.01, ***P<0.001.

Continued clearance of ACs by macrophages prevents the accumulation of necrotic
cells and is an important process that promotes atherosclerosis regression [17]. To
determine whether Fmr1”- macrophages can efficiently internalize multiple ACs over
consecutive rounds of engulfment, I incubated macrophages with green fluorescent-
labeled AC for 2 hours, followed by second incubation with violet fluorescent-labeled
AC for 2 more hours. FMRP-deficient BMDMs displayed an increase in continued
efferocytosis when compared to wild type BMDMs (Fig 3.16A). Likewise, treatment
of wild type BMDM with AMG-18 enhanced continued efferocytosis of ACs (Fig
3.16B). Collectively, these results demonstrate that the ablation of IRE1 kinase activity

and its proposed substrate, FMRP, enhances efferocytosis in vitro and in vivo.
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Figure 3.16. Both FMRP and IRE1 Kkinase inhibition enhances continuous
clearance of apoptotic cells.

(A-B) In vitro continuous efferocytosis experiments, where macrophages were stained
for F4/80" (red), AC were labeled with CFSE (AC-1; green) or Violet (AC2; violet).
% continuous efferocytosis was determined by the ratio of F4/80", CFSE" and Violet"
(triple positive) cells to total F4/80" and CFSE" (double positive) cells: (A) Fmrl**
and Fmr1”- BMDM were incubated with AC-1 for 2 hours, and after 2 hours interval,
incubated with AC-2 for 2 more hours (n=4-3); (B) BMDM were pre-treated either
with vehicle (DMSO) or AMG-18 (5 uM) for 1 hour, incubated with CFSE-labeled
AC-1 for 2 hours, followed by incubation with Violet-labeled AC-2 for 2 hours and
PM collection (n=4). For all images scale bar = 50 pm; Red: Macrophages, Green:
AC/AC-1, Violet: AC-2. Data are mean = SEM. Unpaired ¢-test with Welch’s
correction. ¥*P< (.05, **P< (.01, ***P<0.001.

3.5 Translational Suppression of Cholesterol Transporters

and Efferocytosis Regulators by FMRP during ER Stress

Consistent with my observations that macrophage FMRP plays a role in suppressing
cholesterol efflux and efferocytosis, published data describing the FMRP-RNA
interactome also suggest that FMRP interacts with mRNAs encoding proteins involved
in cholesterol trafficking (such as Abcal and Abcgl) and efferocytosis receptors (such
as c-Mer tyrosine kinase (Mertk) and LDL Receptor-Related Protein 1 (Lrpl)),
suggesting FMRP may impair their translation (Fig 3.17A) [105, 158].
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I first sought to unravel the mechanism behind the FMRP regulated target mRNA
expression. 3’ untranslated region (UTR) analysis revealed that cholesterol
transporters; Abcal, Abcgl and efferocytosis receptors; Mertk, Lrpl seed sequences
contain multiple FMRP binding sites; ACUG and UGGA (Fig 3.17B).

In order to confirm that FMRP regulates 3’UTR of Abcal, Abcgl and Mertk,
luciferase reporters were co-transfected either with EV or FMRP. Overexpression of
FMRP resulted in significant decrease in Abcal, Abcgl and Mertk 3’UTR-controlled
translation of the luciferase proteins in both no treatment and stress conditions.
Additionally, TG treatment alone, which also promotes FMRP phosphorylation,
decreased luciferase activity of target mRNAs (Fig 3.17C-3.17E).
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Figure 3.17. FMRP regulates translation of cholesterol transporters and
efferocytosis regulators.

(A) FMRP mRNA targets determent from crosslinking-immunoprecipitation (CLIP)
assay. (B) Schematic representation of FMRP binding motifs on target mRNA
3’UTRs. (C-E) HEK293TT cells were transfected with either EV or WT-FMRP
plasmid, together with (C) Abcal 3'UTR (n=3), (D) Abcgl 3'UTR (n=4) or (E) Mertk
3'UTR (n=6). All conditions were co-transfected with firefly control plasmid. 24 hours
later cells were treated either with TG (300 nM) or vehicle (DMSO) for 6 hours.
Luciferase activity was normalized to Firefly activity. Results are representative of at
least n=3 independent experiments. Data are mean = SEM. Unpaired ¢-test with
Welch’s correction. *P< (.05, **P<0.01, ***P<0.001.
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3.6 Polysome Profiling and RNA Sequencing in Fmr1-"-
Macrophages.

To assess the mRNA regulation by FMRP in ER stress induced macrophages, I
performed polyribosome profiling in Fmr1** and Fmr1”- BMDM:s. I used PA as ER
stressor, where FMRP is phosphorylated by IRE1 (Fig 3.18A). Overall mRNA
distribution between the groups did not show any significant changes (Fig 3.18B).
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Figure 3.18. Polysome profiling in Fmr1”- macrophages.

(A-B) RNA lysates from Fmr1™* and Fmr1”’- BMDM that were treated with PA (500
uM) for 6 hours were fractionated using a 10%-50% sucrose gradient and separated to
polysome, monosome/non-translating RNA (NTR). The absorbance (260 nm) of RNA
was measured and plotted as a function of time (n=3). (A) Representative profile for
RNA distribution from genotypes based on UV absorbance readings after sucrose
gradient fractionation. (B) mRNA distribution after fractionation in Fmr1** and Fmr1-
’ macrophages.

I analyzed the pooled fractions from each replicate as HMW, LMW and NTR by RNA-
Sequencing. Supporting my previous findings, enrichment pilots revealed increased
translation of mRNAs that are involved in fat-digestion and absorption, ABC-
transporters, phagosome, and lysosome pathways that regulate cholesterol efflux and
efferocytosis (Fig 3.19). Heat maps of individual proteins that are involved in these

pathways show significant increase (Fig 3.20).
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Figure 3.19. mRNA enrichment pilots from RNA-seq of HMW polysome
fractions.

RNA lysates from Figure 3.18 pooled as HMW, LMW and NTR and analyzed by RNA

sequencing. Enrichment pilots were prepared for HMW fractions from Fmrl”
compared to Fmr1™*,
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Figure 3.20. List of mRNAs enriched in HMW polysome fractions.

RNA lysates from Figure 3.18 pooled as HMW, LMW and NTR and analyzed by RNA

sequencing. Heat maps of the mRNAs involved in enrichment pilots were prepared for
HMW fractions from Fmr1”- compared to Fmr1*"*.
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Next, ingenuity pathway analysis (IPA) was performed to identify canonical pathways,
diseases, and bio functions in the polled fractions. Top enriched canonical pathways
highlighted EIF2 signaling, mitochondrial dysfunction, oxidative phosphorylation,
protein ubiquitination, EIF4 and p70S6K signaling pathways. Diseases and bio
functions list revealed high number of molecules involved in cancer, organismal
injury, endocrine system, infectious diseases, and gastrointestinal diseases (Fig 3.21).
Other top enriched pathways are shown in Fig 3.22, where cholesterol biosynthesis,

phagocytosis, inflammasome and ER stress pathways are enriched.

Top Canonical Pathways

Name p-value Overlap

EIF2 Signaling 4.77E-19 31.7 % 71/224
Mitochondrial Dysfunction 2.20E-15 32.2% 55171
Oxidative Phosphorylati 4.12E-14 36.9 % 41/111
Protein Ubiquitination Pathway 6.89E-13 25.1 % 69/275
Regulation of elF4 and p70S6K Signaling 4.33E-12 28.5% 51/179

Top Diseases and Bio Functions

Diseases and Disorders

Name p-value range # Molecules
Cancer 4.89E-09 - 2.35E-93 2285
Organismal Injury and Abnormalities 4.97E-09 - 2.35E-93 2325
Endocrine System Disorders 1.92E-11 - 2.65E-51 1808
Infectious Diseases 2.41E-10 - 2.68E-38 547
Gastrointestinal Disease 4.89E-09 - 6.92E-38 1960

Molecular and Cellular Functions

(c) 2000-2022 QIAGEN. All rights reserved. 5 INGENUITY

Summary of Analysis - 20220117_FKOvsWT_HMW_IPA - 2022-01-17 02:29 PM

Name p-value range # Molecules
Protein Synthesis 1.47E-09 - 1.57E-42 446
Cell Death and Survival 4.36E-09 - 5.22E-41 913
Cellular Compromise 3.54E-09 - 2.29E-24 217
Cellular Movement 2.83E-09 - 2.77E-24 609
Cell Cycle 2.52E-09 - 1.51E-23 424
Physiological Sy D P 1t and Fi

Name p-value range # Molecules
Organismal Survival 8.37E-17 - 2.88E-36 711

Hi logical Sy Develop and Function 3.26E-09 - 9.90E-25 577
Tissue Morphology 8.64E-10 - 9.90E-25 528
Lymphoid Tissue Structure and Development 8.64E-10 - 1.33E-24 428
Immune Cell Trafficking 3.26E-09 - 2.77E-24 373

Figure 3.21. Top enriched canonical pathways and top enriched diseases and bio
functions in Fmr1”- macrophages.

RNA lysates from Fig 3.18 pooled as HMW, LMW and NTR and analyzed by RNA
sequencing. Top canonical pathways, top disease and biological functions, determined
by IPA analysis, are shown for mRNAs in HMW fractions from Fmrl”~ compared to
Fmrl™*,
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Figure 3.22. Eriched canonical pathways in Fmr1”- macrophages.

RNA lysates from Fig 3.18 pooled as HMW, LMW and NTR and analyzed by RNA
sequencing. Canonical pathways determined by IPA analysis are shown for mRNAs
in HMW fractions from Fmr1”- compared to Fmr1*"*.
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Next, I confirmed the FMRP targets involved in cholesterol transport and efferocytosis
pathways from the same samples using RT-qPCR. Indeed, the mRNA distribution of
Abcal, Abcgl, Mertk and Lrpl were increased in the polysomes (Fig 3.23A) as well
as the mRNA abundance for the cholesterol transporters, Abcal and Abcgl, and the
mRNA abundance for efferocytosis regulators, Mertk, Lrp1, and Cd36, were increased
in translating polysome fractions and decreased in non-translating (NTR) fractions in
the Fmrl”- BMDMs when compared to Fmrl"" BMDMs (Fig 3.23B), while the
abundance of these mRNAs in the total cell lysate was unchanged (Fig 3.23C).
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Figure 3.23. Translational regulation of FMRP mRNA targets.

(A) Total mRNA from 12 individual fractions that were subjected to real-time RT-
PCR using specific primers for Abcal, Abcgl, Mertk and Lrp1 (n=3). (B) The ratio of
the Abcal, Abcgl, Mertk, Lrpl, Cd36, Cd47 and Racl mRNA in polysome to NTR
fraction (n=3). (C) Total mRNA qRT-PCR analysis of Abcal, Abcgl, Mertk, Lrpl,
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Cd36 and Racl in total mRNA levels from same samples used in polysome fractions.
Data are mean = SEM. Unpaired #-test with Welch’s correction. *P< 0.05, **P< 0.01,
**#P<0.001.

Further analysis of the corresponding protein expression changes for the FMRP-
regulated mRNA targets showed that ABCA1, ABCGI1, MerTK, and LRP1 protein
expression levels were induced in Fmrl siRNA treated BMDMs as well as in Fmrl--

BMDMs (Fig 3.23A and 3.23B).
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Figure 3.24. Protein expression of FMRP targets.

(A) BMDM were isolated from Fmr1*" and Fmr1-~, and protein lysates were analyzed
by western blotting using specific antibodies for ABCA1, ABCGI1, MerTK, LRP1,
FMRP and B-Actin antibodies (n=6). (B) BMDMs were transfected either with Control
or FMR1 siRNA. Protein lysates were analyzed by western blotting using anti-
ABCAL, anti-ABCGI, anti-MERTK, anti-LRP1, anti-RAC1, anti-FMRP and anti-3-
Actin antibodies (n=5). For all experiments, a representative blot is shown from at least
(n=3) independent experiments. Data are mean = SEM. Unpaired z-test with Welch’s
correction or paired ¢-test. *P< 0.05, **P<0.01, ***P<0.001.
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Similarly, FMRP targets were induced in IRE1 kinase inhibition by AMG-18 treated
BMDMs macrophages, while IREl RNase inhibition by 4u8c did not alter the
translation of FMRP targets (Fig 3.25A and 3.25B). To further assess the impact of
IRE1-mediated FMRP phosphorylation on the translation of FMRP’s targets, I
overexpressed the FMRP phosphorylation-deficient mutant (STSA) or WT-FMRP in
Fmrl”- MEFs and treated with PA to induce ER stress. ABCA1, LRP1 and MerTK
expression levels were reduced in the Fmr1”- MEF expressing WT-FMRP, but not in
Fmrl”’- MEFs expressing STSA-FMRP (Fig 3.25C). Taken together, my data
demonstrate that IRE1-mediated FMRP phosphorylation tunes cholesterol transporters

and efferocytosis regulators expression in macrophages.
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Figure 3.25. IRE1 Kinase domain regulates cholesterol transporters and
efferocytosis regulators.

(A) BMDM were pre-treated either with vehicle (DMSO) or AMG-18 (5 uM) for 1
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hour followed by vehicle or PA (500 uM) treatment for 6 hours. Protein lysates were
analyzed by western blotting using anti-ABCAI1, anti-ABCG1, anti-MERTK, anti-
LRP1, anti-pIRE1 and anti-B-Actin antibodies (n=6). (B) BMDMs were pre-treated
with 4p8c (100uM) followed by PA (500 uM) for 6 hours. Protein lysates were
analyzed by western blotting using specific antibodies for anti-ABCA1, anti-ABCGl,
anti-MERTK, anti-LRP1, anti-pIRE1 and anti-B-Actin (n=3). (C) Fmrl”- MEF cells
were transfected with EV, WT-FMRP or STSA-FMRP plasmids followed by PA
treatment (500 uM; 6 hours). Protein lysates were analyzed by western blotting using
anti-ABCAI, anti-ABCGI, anti-MERTK, anti-LRP1, anti-FMRP, anti-pFMRP and
anti-f-Actin antibodies (n=5). All results are from (n=3) independent experiments. In
western blots, the fold protein expression change was calculated relative to 3-Actin
and depicted above the blots and a representative blot was shown. Data are mean +
SEM. Unpaired t-test with Welch’s correction. *P< 0.05, **P<0.01, ***P< 0.001.

3.7 Discovery of Novel FMRP Targets in ER Stress Induced
Macrophages

I used HILAQ approach to discover newly synthesized proteins (NSPs) and related
pathways involved in macrophage metabolism under PA stress, where FMRP is
phosphorylated by IREl. In this method bioorthogonal amino acids,
Azidohomoalanine (AHA) and heavy Azidohomoalanine (hAHA), can be inserted into
newly synthesized proteins and utilized for enrichment and measurement [159]. AHA
and hAHA are methionine analogues that can be incorporated into proteins by adding
to media for cultured cells or to food pellets for animals and these labeled proteins are
then can be enriched using click chemistry (Figure 3.26) [160]. I first optimized AHA
labeling duration in macrophages by treating cells for 1, 2.5 and 5.5 hours in the
presence of PA treatment to induce FMRP phosphorylation (Figure 3.27).
Streptavidin-HRP blot reveled that 5.5 hour of AHA treatment was the most efficient

duration that yield the most protein labeling.
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L-methionine L-Azidohomoalanine-HCl L-Azidohomoalanine-HCl, 13C4, 15N2

Figure 3.26. L-Methionine and its analogs.
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Figure 3.27. HILAQ optimization in macrophages.

BMDM were treated with PA (500 uM) and AHA (4 mM) for 1, 2.5 and 5.5 hours.

Protein samples after labeling were analyzed by Western blot using anti-Streptavidin
antibody.

I compared Fmr1** and Fmrl”- samples that were treated with AHA and PA for 6
hours. I did not see any significant changes between the groups that suggest only

selective group of mRNAs are regulated by FMRP rather than global translational
regulation (Figure 3.28).

IB: Streptavidin
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Fmr1+/+ Fmri/-
Figure 3.28. Comparison of Fmr1** and Fmr1”- macrophages.

Fmrl1™* and Fmrl”’- BMDM were treated with PA (500 uM) and AHA (4 mM) for 6

hours (n=3). Protein samples after labeling were analyzed by Western blot using anti-
Streptavidin antibody.

Next, I adapted HILAQ method to determine dynamic translational regulation in
Fmrl1™* (labeled with AHA) and Fmrl”- (labeled with hAHA) BMDMs that treated
with PA and AHA/hAHA for 6 hours (Fig 3.29). After confirmation with western blot

70



(Fig 3.30), AHA labeled Fmr1** and hAHA labeled Fmr1- protein samples were then
combined and proceeded with click reaction, digestion, enrichment, MS, and data

analysis that revealed 151 differentially expressed proteins (Fig 3.31).
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Figure 3.29. Schematic representation of HILAQ method.

Briefly, BMDM collected from Fmr1™* and Fmr1”- were treated either with AHA or
hAHA in a PA-treatment medium for 6 hours. Followed by the labeling, protein lysates
from both conditions were mixed and subjected to click reaction and precipitation.
Samples were then digested, enriched, and prepared for MS analysis.
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Figure 3.30. HILAQ in Fmr1** and Fmr1”- macrophages.

Fmrl1™* and Fmrl”~ BMDM were treated with PA (500 uM) and AHA or hAHA (4
mM) for 6 hours respectively (n=3). AHA labeled Fmr1** and hAHA labeled Fmrl--
protein samples were then combined and analyzed by Western blot using anti-
Streptavidin-HRP antibody.
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Figure 3.31. Differentially expressed proteins in macrophages.

Volcano pilot of the 151 differently expressed proteins in Fmrl”~ samples compared
to Fmrl™* after MS analysis. Blue indicates downregulation and red indicates
upregulation.

IPA was performed to identify canonical pathways, diseases and bio functions that are
enriched in Fmrl”- macrophages (Fig 3.32). In line with my previous results, top
enriched canonical pathways show FMRP’s function in macrophage phagocytosis and

endocytosis. Moreover, diseases and bio functions list reveal that 65 differentially
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expressed proteins were involved in inflammatory response and 80 proteins were

involved in cell death and survival. Other top enriched pathways are shown in Fig 3.33.

Top Canonical Pathways

Name

p-value Overlap
Huntington's Disease Signaling 6.79E-08 4.2% 12/289
BAG2 Signaling Pathway 4.68E-07 8.1% 7/86
Ma;:rophrages and Monbcy(’es ’ in 1.31E-06 7.0 % 71100
Clathri diated Endocytosis Si g 1.37E-06 4.6 % 9/196

2.83E-06 42 % 9/214

HIF1 Signaling

Top Diseases and Bio Functions

Diseases and Disorders

Name

Cancer

p-value range # Molecules
Inflammatory Response 3.35E-04 - 1.97E-17 65
Infectious Diseases 2.61E-04 - 2.00E-15 54
3.49E-04 - 4.56E-12 134
Organismal Injury and Abnormalities 3.49E-04 - 4.56E-12 135
Immunological Disease 3.07E-04 - 1.19E-11 49

(€) 2000-2022 QIAGEN. All rights reserved.

Summary of Analysis - 20220117_FMRP AHA p below 0.05 - 2022-01-17 02:41 PM

Molecular and Cellular Functions

Name p-value range # Molecules
Cellular Compromise 2.93E-04 - 1.97E-17 36
Protein Synthesis 1.22E-04 - 1.13E-15 52
Cell Death and Survival 2.70E-04 - 4.63E-14 80
Protein Degradation 1.39E-12 - 1.23E-13 29
Cellular Function and Maintenance 2.97E-04 - 5.99E-12 78

Phy gi y D andF

Name p-value range # Molecules
Organismal Survival 1.80E-04 - 4.45E-08 55

I ical Sy D P and F 3.56E-04 - 1.61E-07 42
Immune Cell Trafficking 3.07E-04 - 1.61E-07 30
Embryonic Development 2.70E-04 - 2.87E-07 29
Organismal Development 3.50E-04 - 8.95E-07 40

Figure 3.32. Top enriched canonical pathways and top enriched diseases and bio

functions in Fmr1”- macrophages.

Protein samples in Fig 3.30 analyzed by MS after AHA and hAHA labeling. Top
canonical pathways, top disease, and biological functions, determined by IPA analysis,

are shown for Fmr1~"

compared to Fmr1™* macrophages.
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Figure 3.33. Enriched canonical pathways in Fmr1”- macrophages.

Protein samples in Fig 3.30 analyzed by MS after AHA and hAHA labeling. Canonical
pathways determined by IPA analysis are shown for mRNAs in HMW fractions from
Fmrl”- compared to Fmrl**,
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3.8 FMRP Knock-down Alleviates Atherosclerosis

My findings demonstrate that both IRE1 kinase inhibition and FMRP-deficiency result
in increased RCT, reduced foam cell formation, and enhanced efferocytosis in vivo,
suggesting that FMRP-deficiency in mice leads to protection from atherosclerosis. I
tested this notion using Fmr1”~ and Fmr1** mice in which hyperlipidemia was induced
by combining AAV_PCSK9 injection with a WD as described above (Fig 3.34A).
Although there was a very slight decrease in body weight ratio; the plasma glucose,
total plasma cholesterol (TPC), lipoprotein levels (Fig 3.34B-E), and the number of
circulating, major type of immune cells were indistinguishable between the Fmr1- and

Fmrl** genotypes (Fig 3.35A and 3.35B).
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Figure 3.34. Atherosclerosis model in Fmr1” mice.

(A) Atherosclerosis experiment design in Fmr1** and Fmr1”- mice that were injected
with AAV_PCSK9 and fed WD (16 weeks). (B) The ratio of mouse weight at the
beginning of the experiment over the weight at the end of the experiment in Fig 3.24A
(n=12-13). (C-E) plasma measurements for (C) glucose (n=12-13), (D) cholesterol
(n=12-13) and (E) lipoproteins (n=4) from mice in Fig 3.24A. (F) Gating strategy for
the flow cytometry analysis of mouse peripheral blood. (G) Abundance of B cells, T
cells and monocytes in the peripheral blood as % of total CD45" cells from the Fmr1**

and Fmrl” mice in Fig5A (n=12-13). Data are mean + SEM; Mann Whitney U test.
*P<0.05, **P<0.01, ***P< 0.001.
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Figure 3.35. Blood cell counts in Fmr1”~ mice after 16 weeks of WD.

(A) Gating strategy for the flow cytometry analysis of mouse peripheral blood. (B)
Abundance of B cells, T cells and monocytes in the peripheral blood as % of total
CD45" cells from the Fmr1** and Fmrl” mice in FigSA (n=12-13). Data are mean +
SEM; Mann Whitney U test. *P< 0.05, **P<0.01, ***P< 0.001.

Yet, FMRP-deficiency resulted in significant reduction in atherosclerotic lesions in en
face aorta preparations (Fig 3.36A). FMRP-deficiency did not alter aortic root lesion
area despite a significantly decreased foam cell area (as assessed by Oil Red O
staining) (Fig 3.36B and 3.26C). I next asked what may be contributing to this
phenotype. The necrotic core area in the lesions from Fmrl”- mice was significantly
less than in Fmr1** lesions (Fig3.36D), indicating improved AC clearance by Fmr1-

macrophages in plaques.
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Figure 3.36. FMRP-deficiency block atherosclerosis progression.

(A) Lesion area calculated from en face aorta, stained with ORO (n=12-13; Scale bar
= 5 mm). (B) Total plaque area was calculated from hematoxylin & eosin (H&E)-
stained aortic root sections (n=8; Scale bar = 300 pm). (C) Foam cell area was
calculated from ORO-stained aortic root sections (n=8; Scale bar = 300 pm). (D)
Necrotic area was calculated from H&E-stained aortic root sections (n=8; Scale bar =
100 um). Data are mean + SEM; Mann Whitney U test. *P< 0.05, **P< 0.01, ***P<
0.001.

I also observed a significant reduction in lesion macrophages (as assessed by the anti-
monocyte macrophage 2 (MOMA-2)-stained area) and the number of apoptotic cells
(TUNEL-stained) per macrophage area (Fig 3.37A and 3.37B). I further investigated
whether apoptosis is altered in Fmr1”- and AMG-18 treated macrophages. There was
no significant change between the groups (Fig 3.37C), supporting the notion that the
primary target of IRE1-FMRP signaling is efficient clearance of apoptotic cells

through increasing efferocytosis capacity. Additionally, I detected no change in
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smooth muscle area (stained with smooth muscle actin (SMA)), but there was a
significant increase in the collagen content of Fmrl” lesions when compared to

Fmr1*"* lesions, suggesting this could be the reason why aortic root lesion area is not

significantly altered (Fig 3.37D and 3.37E).
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Figure 3.37. FMRP-deficiency reduce macrophage positive area and apoptosis in
atherosclerotic plaques.

(A) Macrophage area was calculated from MOMA-2 (red)-stained aortic root sections
as % of MOMA2" stained area to total plaque area (n=8; Scale bar = 100 um). (B)
Apoptosis was calculated from the number of TUNEL" cells (green) in the MOMA-2-
stained (red) plaque area (n=8; Scale bar = 100 pm). (C) Apoptosis was measured in
Fmrl+/+ and Fmrl-/- BMDMs or AMG-18 pre-treated cells (10 uM, 1 hour) were
treated with PA (500 uM) treatment for 12 hours and then stained with Propidium
iodide (PI) (n=5). (D) % a-SMA was calculated from aortic root sections stained with
o-SMA (green) as % a-SMA" area to the total plaque area (n=8, Scale bar 100 um).
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(E) % collagen area was calculated from Masson’s Trichrome staining as the
percentage of collagen (blue) area in total plaque area (n=8; Scale bar = 100 pm). Data
are mean = SEM; Mann Whitney U test. *P< 0.05, **P<0.01, ***P<0.001.

To approach the role of macrophage FMRP in atherosclerosis, I generated a myeloid
Fmrl-deficient mouse model (myFmr1”~) and induced hyperlipidemia (Fig 3.38A). As
expected from the systemic deletion data shown in Figure SA, the body weight, plasma
glucose and TPC were indistinguishable between the myFmrl”~ and myFmrl™*

genotypes (Fig 3.38C-D).
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Figure 3.38. Atherosclerosis model in Fmr1” mice.

(A) Atherosclerosis experiment design in myFmr1** and myFmr1” mice that were

injected with AAV_PCSK9 and fed WD (16 weeks). (B) The ratio of mouse weight at
the beginning of the experiment over the weight at the end of the experiment in Fig
3.28 (n=9). (C-D) plasma measurements for (C) glucose (n=9) and (D) cholesterol
(n=9) from mice in Fig 3.28 A. Data are mean + SEM; Mann Whitney U test. *P<0.05,
**P<0.01, ***P<0.001.

In general, myeloid-specific FMRP-deficiency paralleled the results obtained for
Fmrl”" mice: it resulted in significant reduction in atherosclerotic lesions in en face
aorta preparations (Fig 3.39A). Myeloid specific FMRP-deficiency did not alter aortic
root lesion area but significantly reduced foam cell area (Fig 3.39B and 3.39C). The
necrotic core area in the lesions from myFmr1~”~ mice was also significantly less than

in myFmr1™* lesions (Fig 3.39D), indicating improved AC clearance by Fmrl”
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macrophages in plaques and supporting my observations that FMRP deficiency
increases macrophage efferocytosis in vitro and in vivo (Fig 3.14-3.16). Thus,
comparing the data obtained with the Fmrl”- mice with those obtained from the
myFmrl”~ mice indicates that the atheroprotective effects observed in
Fmr1-~ mice are mostly, if not exclusively, due to FMRP’s role in myeloid cells such
as macrophages.
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Figure 3.39. Myeloid specific FMRP deficiency block atherosclerosis progression.

(A) Lesion area calculated from en face aorta, stained with ORO (n=9; Scale bar = 5
mm). (B) Total plaque area was calculated from H&E-stained aortic root sections
(n=9-6; Scale bar = 300 um). (C) Foam cell area was calculated from ORO-stained
aortic root sections (n=9-6; Scale bar = 300 um). (D) Necrotic area was calculated
from H&E-stained aortic root sections (n=9-6; Scale bar = 100 um). Data are mean +
SEM; Mann Whitney U test. *P< 0.05, **P<0.01, ***P< 0.001.
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3.9 IRE1 Kinase-Domain Inhibition by Small Molecule

Inhibitor Alleviates Atherosclerosis

To test the notion that IRE1 functions upstream of FMRP, I next investigated the
impact of IRE! kinase inhibition on atherosclerosis. To this end, I fed Apoe-/- mice
with WD for 12 weeks and injected them with AMG-18 or vehicle once daily for the
last 4 weeks of WD (Fig 3.40A). I observed no significant differences in body weight,
plasma glucose or TPC, and the number of circulating immune cells between the

groups (Fig 3.40B-F).
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Figure 3.40. Atherosclerosis model in AMG-18 injected Apoe-/- mice.

(A) Atherosclerosis experiment design in Apoe” mice were fed with WD (12 weeks)
and injected with vehicle (DMSO) or AMG-18 (30 mg/kg) once a day in the last 4
weeks of WD. (B) The ratio of mouse weight at the beginning of the experiment over
the weight at the end of the experiment in Fig 6A (n=5). (C-D) Plasma measurements
for (C) glucose (n=5) and (D) cholesterol (n=5) from mice in Fig 3.30A. (E)
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Abundance of B cells, T cells and monocytes in the peripheral blood as % of total
CD45" cells from the vehicle (DMSO) or AMG-18 (30 mg/kg) once a day injected
mice in Fig 6A (n=5). (F) Protein lysates of liver from mice in Fig 6A. Proteins were

analyzed by western blotting using specific antibodies for pIRE1 and -Actin (n=5).
Data are mean = SEM; Mann Whitney U test. *P<0.05, **P<0.01, ***P< 0.001.

Consistent with an earlier publication that determined the effective and non-toxic dose
for AMG-18 in mice, the inhibitor engaged its molecular target effectively in the
treatment group (as assessed by reduced IRE1 autophosphorylation) (Fig 3.40F). IRE1
kinase inhibition led to a decrease in atherosclerotic lesions in en face aorta
preparations (Fig 3.41A). As shown above for the Fmrl”- mice, the aortic root lesion
area was not different between the groups (Fig 3.41B), but foam cell area as well as

necrotic core area were significantly decreased (Fig3.41C and 3.41D).
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Figure 3.41. IRE1 Kinase inhibition alleviates atherosclerosis progression.

(A) Lesion area calculated from en face aorta, stained with ORO (n=5; Scale bar = 5
mm). (B) Total plaque area was calculated from H&E-stained aortic root sections
(n=5; Scale bar =300 pm). (C) Foam cell area was calculated from ORO-stained aortic
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root sections (n=5; Scale bar = 300 um). (D) Necrotic area was calculated from H&E-
stained aortic root sections (n=5; Scale bar = 100 um). Data are mean + SEM; Mann
Whitney U test. *P<0.05, **P<0.01, ***P<0.001.

I also assessed the impact of twice daily injections of the same dose of AMG-18 on
Apoe”’ - mice that were fed with WD for 12 weeks (Fig 3.42A). While I noted a decrease
in body weight ratio and TPC, there were no significant differences in plasma glucose
levels similar to once daily injection (Fig 3.42B-3.42D), and the inhibitor engaged its
molecular target effectively (as assessed by reduced IRE1 autophosphorylation) (Fig
3.42E and 3.42F).
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Figure 3.42. Atherosclerosis model in twice-a-day AMG-18 injected Apoe-/- mice.

(A) Atherosclerosis experiment design in Apoe” mice were fed with WD (12 weeks)
and injected with vehicle (DMSO) or AMG-18 (30 mg/kg) twice a day in the last 4
weeks of WD. (B) The ratio of mouse weight at the beginning of the experiment over
the weight at the end of the experiment in Fig 3.32A (n=6). (C-D) Plasma
measurements for (C) glucose (n=6) and (D) cholesterol (n=6) from Fig 3.32A. Protein
lysates of (E) thioglycolate-elicited PM and (F) liver from mice in Fig 3.32A. Proteins
were analyzed by western blotting using specific antibodies for pIREl and -Actin
(n=6). Data are mean + SEM; Mann Whitney U test. *P< 0.05, **P< 0.01, ***P<
0.001.
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IRE1 kinase inhibition led to significant decrease in atherosclerotic lesions in en face
aorta preparations (Fig 3.33A). AMG-18 injection did not alter aortic root lesion area
but significantly decreased foam cell area and necrotic core area (Fig 3.33B-3.33D).
Collectively, my findings thus demonstrate that the inhibition of IRE1 kinase activity
by a small molecule inhibitor or genetic ablation of FMRP, its kinase substrate, in

macrophages can reduce the progression of hypercholesterolemia-induced

atherosclerosis.
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Figure 3.43. Twice a day injection of AMG-18 shows superior effect on preventing
atherosclerosis progression.

(A) Lesion area calculated from en face aorta, stained with ORO (n=6; Scale bar = 5
mm). (B) Total plaque area was calculated from H&E-stained aortic root sections
(n=5; Scale bar =300 pm). (C) Foam cell area was calculated from ORO-stained aortic
root sections (n=5; Scale bar = 300 um). (D) Necrotic area was calculated from H&E-
stained aortic root sections (n=5; Scale bar = 100 um). Data are mean + SEM; Mann
Whitney U test. *P< 0.05, **P<0.01, ***P< 0.001.
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3.10 IRE1 Kinase Domain and FMRP Regulates m-IL-1p

Secretion in Macrophages

In an earlier study, I had shown that small molecule inhibitors that are specific for
IRE1’s RNase activity prevented lipid-induced inflammasome activation and secretion
of mature interleukin-1f (m-IL-1f) and interleukin-18 IL-18 in both mouse and human
macrophages while reducing hyperlipidemia-induced m-IL-1f and IL-18 production
and reducing atherosclerotic plaque size in mice [91]. FMRP suppression (by genetic
knock down or via siRNA mediated knock down) also reduced m-IL-1f secreted from
macrophages without altering inflammasome activation as determined by active
caspase-1 in these macrophages (Fig 3.44A-F). However, knocking out FMRP from
macrophages had no effect on IL-1 mRNA levels in the whole cell lysate or in the
polysomes, suggesting against transcriptional or translational control over these
cytokines’ production (Fig 3.44G and 3.44H). Similarly, inhibition of IRE1 kinase also
reduced m-IL-1p (Fig 3.441-K). It has been shown that m-IL-1 can be secreted
through ABCA1 and compete with cholesterol efflux through the same transporter
[161]. Since IRE1 kinase-FMRP axis leads to marked upregulation of cholesterol
efflux in macrophages (as shown in my study), it is plausible that increased demand

for ABCAL1 for cholesterol efflux could prevent m-IL-1f secretion through this route.
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Figure 3.44. FMRP and IRE1 Kinase domain regulate IL-1p secretion.

(A) BMDMs were transfected with Fmrl- or control-siRNA and 24 hours after
transfection cells were primed with LPS (200 uM) for 3 hours followed by PA (500
uM) treatment for 16 hours (n=6). (B) Quantification of secreted m-IL-1B to
intracellular pro-IL-1f ratio normalized to B-Actin in Appendix Figure S6A. (C)
Quantification of secreted pl0 (caspase 1) to B-Actin in Appendix Figure S6A. (D)
Fmrl1™* and Fmr1”- BMDMs were primed with LPS (200 uM) for 3 hours followed
by PA (500 uM) treatment for 16 hours (n=6). (E) Quantification of secreted m-IL-1[3
to intracellular pro-IL-1p ratio normalized to B-Actin in Appendix Figure S6D. (F)
Quantification of secreted p10 (caspase 1) to B-Actin in Appendix Figure S6D. (G)
The ratio of the pro-IL-13 mRNA in polysome to NTR fraction (n=3). (H) qRT-PCR
analysis of pro-IL-1pB in total mRNA levels from same samples used in polysome
fractions (n=3). (I) BMDM cells were pre-treated with AMG-18 (10 uM) for 1 hour
and the primed with LPS (200 pM) for 3 hours followed by PA (500 uM) treatment
for 16 hours (n=6). (J) Quantification of secreted m-IL-1p to intracellular pro-IL-1f3
ratio normalized to B-Actin in Appendix Figure S6I. (K) Quantification of secreted
p10 (caspase 1) to B-Actin in Appendix Figure S6I. Supernatants were analyzed by
western blotting using specific antibody for IL-1p and caspase-1 and protein lysates
were analyzed by western blotting using specific antibodies for FMRP, pIRE1, IREI
and -Actin. Data are mean + SEM. Unpaired t-test with Welch’s correction. *P<0.05,
**P<0.01, ***P<0.001.

3.11 Effect of dietary fat on macrophage ER stress and

inflammasome activation

Unsaturated fatty acids shown to improve atherosclerosis by preventing most SAF-

mediated deleterious effects. A bioactive lipid, Palmitoleate (PAO), regulates lipid
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metabolism in liver and has been shown to evoke an overall lipidomic remodeling of
the ER membranes in macrophages and mouse tissues. PAO can block lipid-induced
inflammasome activation by preventing ER stress induction and chronic PAO
supplementation lowers systemic IL-1f3 levels in vivo in hyperlipidemic mice resulting
in reduction in plaque macrophages in mice [35]. To assess the impact of dietary
unsaturated fatty acids on ER stress, in particular PAO, I treated BMDMs with
palmitoleic acid (PAO) in its two forms trans- and cis-PAO. While cis-PAO blocked
SFA-induced IREI1 kinase activation (as assessed by IRE1 auto-phosphorylation),
trans-PAO treatment did not inhibit IRE1 activation in macrophages (Fig 3.45A). An
earlier study had shown that cis-PAO prevents ER stress and IRE1 kinase activation,
simultaneous to inflammasome activation by saturated fatty acids [35]. However,
trans-PAO neither inhibited IRE1 kinase activation nor prevent PA-stimulated m-IL-
1B production in macrophages (Fig 3.45B), suggesting that the cis configuration of

PAO might have an important role on prevention of atherosclerosis.
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Figure 3.45. Trans-PAO treatment does not prevent lipid-induced IRE1
activation.

(A-B) BMDM were primed with LPS (200 pM) for 3 hours followed by co-treatment
of PA (500 uM) with trans-PAO (500 uM) or cis-PAO (500 uM) treatment for 16
hours. (A) Protein lysates were analyzed by Western blotting using specific antibodies
for p-IRE1 and B-Actin (n=3). (B) Supernatants and protein lysates were analyzed by
western blotting using specific antibody for IL-18, caspase-1 and B-Actin (n=3).

3.12 Impact of palmitoleic acid on atherosclerosis

Previous studies showed cis-PAO reduce atherosclerosis progression by blocking
hyperlipidemia-induced organelle stress and inflammasome activation. Here I
investigated trans-PAQ’s role in atherosclerotic plaque development in Apoe” mice

model (Fig 3.46).
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Figure 3.46. Atherosclerosis experiment design in Apoe” mice.

Apoe” mice were fed with WD for 12 weeks and treated by oral gavage with vehicle
(1% BSA in PBS) or 1400 mg/kg/day cis or trans-PAO dissolved in vehicle for 4
weeks while continuing Western diet.

There were no significant changes in body weight, blood glucose levels, total plasma

cholesterol, triglycerides, and the cholesterol content of lipoproteins between the trans-

PAO-treated and control mice; however, there were a small but significant increase in

the TG amount found in plasma high density lipoprotein in trans-PAO group (Fig.

3.47A).
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Figure 3.47. Characteristics of trans-PAO-treated Apoe-/- mice.

Measurements are from Apoe” mice on WD that received oral supplementation with
PAO: (A) Total blood glucose and body weight changes, (B) Total plasma cholesterol
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and lipoprotein (VLDL, LDL, HDL) cholesterol levels. (C) Lipoprotein profiles from
control (blue) and trans-PAOtreated (red) Apoe-/- mice show an average percent
distribution of total cholesterol for each group (n=5 per group). (D) Total plasma
triglyceride and lipoprotein (VLDL, LDL, HDL) triglyceride levels. (E) Lipoprotein
profiles from control (blue) and trans-PAO-treated (red) Apoe-/- mice show an average
percent distribution of total triglyceride for each group (n=5 per group). Data are
expressed as the mean + SEM. VLDL, very low-density lipoprotein; LDL, low density
lipoprotein; HDL, high density lipoprotein. Data are expressed as the mean + SEM. ns
= not significant *P < 0.05, (n=5 per group). Unpaired two-tailed Student’s t test was
used for statistical analysis.

Lastly, I evaluated the impact of trans-PAO on plaque development. En face aorta
preparations showed that while cis-PAO treatment resulted in significant reduction,
trans-PAO treatment did not alter lesion area (Fig 3.48A). Similarly, H&E, ORO and
MOMA-2 stainings demonstrated that trans-PAO does not affect the lesion are, foam
cell accumulation, necrotic core formation or macrophage content in the aortic sinus
area, whereas cis-PAO significantly reduced foamy macrophage accumulation,
necrotic core formation and MOMA-2 positive macrophage accumulation (Fig 3.48B-
E), similar to IRE1 kinase inhibition (Fig 3.41 and 3.43). These results suggest that

the cis configuration is critical for beneficial effects of cis-PAO, mostly thorough IRE1

activation.
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Figure 3.48. Trans-PAO does not prevent atherosclerosis in Apoe’~ mice.

(A) Lesion area was calculated from en face aorta preparations stained with Sudan IV
(Control n=12, Trans-PAO n=9, Cis-PAO n=6). (B) Foam cell area was calculated
from Oil Red O-stained aortic root sections (control n=9; Trans-PAO n=9, Cis-PAO
n=5 scale bar: 300 mm). (C) Total plaque area and (D) necrotic area were calculated
from hematoxylin and eosin (H&E)-stained aortic root lesions (control n=9, Trans-
PAO n=9, Cis-PAO n=5, scale bar: 300 mm). (E) Macrophage content in aortic root
lesions, as quantified after staining or MOMA-2 (green). (n=5 per group, scale bar:
150 mm). In each case, a representative image is shown in left and center, and the
quantification of the data appears on the right. Control versus trans-PAO or cis-PAO;
for statistical analysis.
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Chapter 4 Discussion

Chronic lipid accumulation in the ER membranes (for example, during obesity and in
hyperlipidemia) has been shown to impair ER functions and activate UPR signaling
[35, 36, 162-164]. Numerous studies have shown that ER stress is an important primer
for sterile inflammation that drives insulin resistance and atherogenesis [165].
Moreover, alleviating ER stress by inhibiting either PERK or IRE1 signaling was
shown to prevent atherosclerosis progression [69, 91, 92, 126], but how chronic IRE1
kinase activation contributes to the atherosclerotic process remains unclear. My work
revealed that in ER stressed induces the phosphorylation of FMRP, an RBP
functioning as a translational suppressor, in an IRE1 kinase-dependent manner. This
phosphorylation event results in a gain-of-function for FMRP, which leads to enhanced
translational suppression of cholesterol transporters and efferocytosis receptors.
Although ubiquitously expressed, prior work focused almost exclusively on FMRP’s
role in neurons in the context of its devastating role in FXS pathology [166-168]. My
thesis work reveals a novel function for FMRP in regulating cholesterol trafficking in
macrophages. Intriguingly, an earlier publication showed that FMRP protein
expression is elevated in the macrophage-enriched area of human atherosclerotic
plaques [169]. Moreover, lower cholesterol levels have been measured in a sub-
population of the individuals afflicted with FXS, as well as in Fmr1-- mice [170-172].
Although these findings foreshadowed a role of FMRP in the regulation of cholesterol
homeostasis [105, 158, 169], FMRP’s contribution to atherosclerosis was not
investigated prior to this study, perhaps because Fmr1 gene lies on the X chromosome
and most genome wide association studies in humans focus on variants on autosomal
chromosomes excluding sex chromosomes. While characterizing the impact of IRE1
kinase activity and it’s here proposed kinase substrate, FMRP, on macrophage
functions, my thesis study revealed a role for an “IRE1-FMRP signaling axis” in the
regulation of macrophage cholesterol trafficking and efferocytosis, which are among

the primary cellular mechanisms that can regress atherosclerosis (Fig 4.1).
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Figure 4.1. IRE1-FMRP signaling controls cholesterol efflux and efferocytosis
pathways in macrophages.

IRE1-mediated FMRP phosphorylation suppresses translation of mRNA for key
cholesterol transporters and efferocytosis receptors in macrophages and promotes
atherosclerosis.

To gain insight into the physiological role of macrophage FMRP, I investigated the
consequences of FMRP-deficiency on macrophage biology that are relevant to
atherosclerosis development and plaque regression, such as foam cell formation,
cholesterol efflux and efferocytosis. My findings show that FMRP has a prominent
role in all three processes. Additionally, my observations are consistent with the
finding that several mRNAs encoding cholesterol transporters and efferocytosis
receptors interact with FMRP in prior RNA CLIP experiments [105, 158]. The data in
my thesis study show that the absence of FMRP in macrophages increases the
occupancy of these mRNAs in the polysome fraction, paralleling the increased
expression of their corresponding protein products. In agreement with my observations

in cells, FMRP-deficiency in macrophages increased RCT and efferocytosis in mice.
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Moreover, system-wide and myeloid-specific Fmrl knock-out mice were protected
from hypercholesterolemia-induced atherosclerosis progression. In agreement with
this notion, the IRE1 kinase-specific inhibitor, AMG-18, phenocopies the beneficial
impact of FMRP deficiency (such as enhanced cholesterol efflux and efferocytosis) in
macrophages. While my thesis study provides strong support for the role of
macrophage FMRP in atherosclerosis progression, I did not examine the contribution
of FMRP activity in other lesion cell types, such as endothelial or vascular smooth
muscle cells, on atherosclerosis. The impairment of RCT and efferocytosis by IRE1-
FMRP signaling implies that interventions to ablate FMRP in a macrophage-specific
manner and in the adult organism could promote atherosclerotic plaque stabilization
and hinder plaque progression, while escaping adverse impact of FMRP-deficiency on

neuronal development.

FXS inheritance is depended on the CGG repeats, rather than Mendelian pattern [173].
Moreover, due to X-inactivation mechanism in females, FXS does not follow standard
X-linked dominant inheritance. This mechanism result in significant difference in the
occurrence of FXS as 1 in 7000 males and 1 in 11000 females, with milder phenotype
in female compared to males [123]. In this study, I did not observe any aberrant
difference in phenotype or the experimental results of the male and female Fmrl
mice. This might be due to the complexity of the human disease and limitations of

mice models in studying disease models.

FMRP has been widely studied in neurons for its important roles in RNA metabolism.
As an RNA binding protein, FMRP has been proposed to form ribonucleoprotein
particle (RNP) complexes that might play different roles depending on the
developmental stage of the brain [103, 174]. These studies highlight the negative
effects of the FMRP loss of function; however, in this thesis I propose a beneficiary
effect of FMRP knock-down or inhibition of its phosphorylation in atherosclerosis
development. Atherosclerosis is classified as disease of aging that mostly occurs in
adult life, presenting FMRP as a therapeutic target possibly without having the risk of
developmental impact of FMRP.

Two recent studies show that FMRP plays a metabolic role in the liver. For example,
systemic FMRP-deficiency in mice led to enhanced glucose tolerance and insulin

sensitivity, while lowering plasma triglyceride and cholesterol content [172]. Another
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study showed combined deficiency of FMRP and its paralog FXR2 (Fragile X mental
retardation autosomal homolog 2) resulted in lower body fat and increased sensitivity
to insulin [175]. Intriguingly, the FMRP loss-of-function in liver resulted in increased
translation of hepatic mRNA involved in lipid metabolism [172]. In contrast to this
previous work, I did not find Fmrl-deficiency associated changes in plasma
cholesterol or lipoprotein levels in my atherosclerosis mouse models, perhaps due to

the severe hypercholesterolemia induced by both genetic and dietary interventions.

In an earlier study, small molecule inhibitors that are specific for IRE1’s RNase
activity prevented lipid-induced inflammasome activation and secretion of mature
interleukin- 1 (mIL-1B) and m-IL-18 in both mouse and human macrophages while
reducing hyperlipidemia-induced m-IL-1f and m-IL-18 production and reducing
atherosclerotic plaque size in mice [91]. FMRP suppression (by genetic knock down
or via siRNA mediated knock down) also reduced m-IL-1f secreted from macrophages
without altering inflammasome activation as determined by active caspase-1 in these
macrophages (Appendix Fig S6A-S6F). However, knocking out FMRP from
macrophages had no effect on IL-1 mRNA levels in the whole cell lysate or in the
polysomes, suggesting against transcriptional or translational control over these
cytokines’ production (Appendix Fig S6G and S6H). Similarly, inhibition of IRE1
kinase also reduced m-IL-1B (Appendix Fig S6I-S6K). It has been shown that m-IL-
1B can be secreted through ABCA1 and compete with cholesterol efflux through the
same transporter [161]. Since IRE1 kinase-FMRP axis leads to marked upregulation
of cholesterol efflux in macrophages (as shown in this study), it is plausible that
increased demand for ABCA1 for cholesterol efflux could prevent m-IL-1f3 secretion

through this route.

My finding that IRE1 phosphorylates FMRP leads to an important question: Why does
the UPR signaling impinge on FMRP-mediated translational suppression? While
intensely debated, multiple mechanisms have been proposed for translational
suppression by FMRP including polyribosome stalling, miRNA-mediated
translational silencing, and impairing translational initiation [105, 176-178]. Recently,
phosphorylation-dependent FMRP-RNA phase separation has been suggested as a
concept underlying these diverse regulatory mechanisms [179]. It is plausible that

during ER stress, IREl-induced FMRP phosphorylation, licensed by S500
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phosphorylation and then spreading to adjacent serines and threonines, enhances
phase-separation of FMRP and leads to the redistribution of FMRP-bound RNA into
cytoplasmic granules, where they will not be translated. This would, in effect, reduce
the protein folding stress and improve ER homeostasis. Indeed, ER stress induces
stress granule formation, which contain mRNAs, RBPs (including FMRP), 40S

ribosomal subunits and translational pre-initiation factors [180].

Finally, I demonstrated that IRE1 kinase-specific inhibitor, AMG-18, can phenocopy
the beneficial impact of FMRP deficiency (such as enhanced cholesterol efflux and
efferocytosis) in macrophages. Although I cannot definitively show that FMRP is the
only mediator downstream of IRE1 kinase activity in regulating the proposed
mechanisms, my data strongly supports that the novel IRE1 kinase target, FMRP’s,
expression in macrophages plays an important role in cholesterol efflux and apoptotic
cell clearance and is an important contributor to atheroprotection offered by IREI

kinase inhibition.

My thesis study provides mechanistic insight into the translational regulation of
cholesterol efflux and efferocytosis by macrophages during ER stress, highlighting
IRE1 and its effector FMRP as a promising molecular target for regulating
atherosclerosis. The small molecule inhibitors of IRE1 kinase activity represent a

translational opportunity in combating atherosclerosis.
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Chapter S Future Perspectives

A maladaptive immune response to lipid imbalance drives atherosclerosis. Lipid
accumulation in plaque-infiltrating macrophages stresses the ER and promotes
atherosclerosis progression. Various studies have shown that ER stress is an important
primer of sterile inflammation [165] and alleviating ER stress by inhibiting IRE1
signaling prevents atherosclerosis progression [69, 91, 92, 126]. However, whether
IREI kinase activity contributes to the atherosclerosis progression has remained
elusive prior to my thesis study. Targeting chronic ER stress in atherosclerosis is
challenging due to the essential cellular homeostatic functions governed by IRE1. My
thesis work revealed that in ER-stressed macrophages phosphorylation of FMRP, an
RBP functioning as a translational suppressor, is enhanced in an IREI kinase-
dependent manner. This phosphorylation event results in a gain-of-function for FMRP,
which leads to enhanced translational suppression of cholesterol transporters and

efferocytosis receptors that contribute to atherosclerosis progression.

I described a novel, promising mechanistic target for regulating atherosclerosis by
inhibition of IRE1 kinase activity or through targeting IRE1 kinase's substrate FMRP.
My findings show that targeting FMRP-regulated translational control over
macrophage cholesterol trafficking and efferocytosis by targeting IRE1-FMRP
signaling axis represent a novel therapeutic approach to cardiovascular disease. In this
study, I showed that targeting IRE1 by small molecule inhibitor, AMG-18, is a
potential therapeutic approach to prevent and/or initiate the regression of
atherosclerosis. Moreover, proposed pathway can be targeted by RNA-based
therapeutic strategies like antisense oligo (ASO) against either IRE1 or FMR1 RNA

present a translational opportunity in combating atherosclerosis.

My RNA-Seq and AHA-proteomics analysis in this thesis study revealed many
potential and novel FMRP targets in ER stress induced macrophages. These targets
can be further investigated to discover novel pathways downstream of IRE1-FMRP

axis. For example, although I did not study the cholesterol synthesis pathway in this
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work, my RNA-Seq and AHA-proteomics analysis revealed proteins involved in the
cholesterol biogenesis. Moreover, investigating this signaling axis in other
metabolically active organs targeted by hyperlipidemia (such as liver) could lead to
discovery and validation of novel targets that play role in cholesterol synthesis
pathway. In summary, The RNA-Seq and AHA-proteomics analysis reported in the
study has great potential to develop into numerous studies that could represent novel
targets and provide better understanding to how IRE1-FMRP interaction contribute to

disease pathogenesis.

Beside polysome stalling, IRE1-mediated phosphorylation of FMRP could lead to the
redistribution of FMRP-bound RNAs into cytoplasmic granules, where they will not
be translated. I discovered that ER stress pathway is further enhanced in FMRP
knockout macrophages in fatty acid stressed macrophages. Further analysis is required
to profile stress granule and associated mRNA regulation by IRE1-mediated FMRP
phosphorylation. This pathway would have the potential to reduce the protein folding

stress and improve ER homeostasis
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Abstract

Fragile X Mental Retardation protein (FMRP), widely known for its
role in hereditary intellectual disability, is an RNA-binding protein
(RBP) that controls translation of select mRNAs. We discovered
that endoplasmic reticulum (ER) stress induces phosphorylation of
FMRP on a site that is known to enhance translation inhibition
of FMRP-bound mRNAs. We show ER stress-induced activation of
Inositol requiring enzyme-1 (IRE1), an ER-resident stress-sensing
kinase/endoribonuclease, leads to FMRP phosphorylation and to
suppression of macrophage cholesterol efflux and apoptotic cell
clearance (efferocytosis). Conversely, FMRP deficiency and pharma-
cological inhibition of IRE1 kinase activity enhances cholesterol
efflux and efferocytosis, reducing atherosclerosis in mice. Our
results provide mechanistic insights inte how ER stress-induced
IRE1 kinase activity contributes to macrophage cholesterol home-
ostasis and suggests IRE1 inhibition as a promising new way to
counteract atherosclerosis.

Keywords atherosclerasis; cholesterol homeostasis; efferocytosis; ER stress;
translational regulation

Subject Categories Cardiovascular System; Immunalogy; Metabolism
DOI 10.15252/emmm.202115344 | Received 27 October 2021 | Revised 2
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Introduction

Atherosclerosis is a chronic inflammatory disease triggered by
imbalanced lipid metabolism {Rocha & Libby, 2009; Weber & Noels,
2011). In atherosclerotic plaques, macrophages ingest lipoproteins
and transform into lipid-laden foam cells. The foamy macrophages
lose their ability to migrate away from the plaques, where they
sustain a local state of sterile inflammation, which occurs in the
absence of pathogens and is typically associated with the release of
immune-recognizable cellular content from damaged or dying cells
{Randolph, 2014). Cholesterol efflux and efferocytosis (the engulf-
ment and clearance of apoptotic cells (AC)) by macrophages, on the
other hand, help to resolve inflammation and contribute to plaque
stability as counterbalancing mechanisms that oppose plaque
rupture {Khera et al, 2011; Westerterp et al, 2013, 2018; Kojima
et al, 2017; Yurdagul et al, 2017). Cholesterol efflux by plaque
macrophages is the first step in a multistep process, referred to as
“reverse cholesterol transport” (RCT), that reduces lipid accumula-
tion in plaques. Macrophages efflux intracellular cholesterol using
their plasma membrane cholesterol transporters {such as the ATP-
binding cassette {ABC) transporters subfamily A member-1 (ABCA1)
and subfamily G member-1 {ABCG1)), which in turn hand the
exported cholesterol over to lipid-poor apolipoproteins, forming
high-density lipoprotein (HDL) particles (Costet et al, 2000; Oram
et al, 2000). The cholesterol efflux pathway is transcriptionally acti-
vated by the metabolic by-products of AC-derived cholesterol in the
efferocytic macrophages. As such, efferocytosis and RCT synergize
to reduce necrosis and resolve inflammation in plaques (Klucken
et al, 2000; Joyce et al, 2002; Tall & Yvan-Charvet, 2015; Zimmer
et al, 2016; Guo et al, 2018).
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Transcriptional and post-transcriptional regulation play critical
roles to set sterile inflammation in motion but also in its resolution
and, eventually, plaque regression. Post-transcriptional regulatory
steps often involve RNA-binding proteins (RBPs) that interact with
mRNA to alter its processing, transport, translation, and degrada-
tion. Several RBPs have been shown to alter the mRNA stability and
translation of cytokines to turn-off the inflammatory response and
key molecular regulators of cholesterol homeostasis and some have
been linked to atherosclerosis development (atherogenesis) (Chiu
et al, 1997; Kang et al, 2011; Zhang et al, 2013; Ramirez et al, 2014;
Mobin et al, 2016; Haneklaus et al, 2017). Fragile X Mental Retarda-
tion Protein (FMRP) is an RBP that has been widely studied in
neurons due to its causal role in the Fragile X Mental Retardation
Syndrome (FXS) (Hersh & Saul, 2011; Bagni et al, 2012; Hunter
et al, 2014). In FXS, a hypermethylated CGG repeat expansion in the
5 untranslated region (5 UTR) of the FMRI mRNA results in its
transcriptional silencing. A subpopulation of the individuals afflicted
with FXS and FMRP-deficient (Fmrl / ) mice have lower choles-
terol levels (Leboucher et ¢l, 2019b). While a prior study has shown
FMRP protein expression is induced in macrophage-enriched areas
of the human atherosclerotic plaque (Hansmeier et al, 2018},
FMRP’s contribution to the atherosclerotic process has not been
investigated directly, and our knowledge of FMRP function has
remained largely limited to studies in neurons {Darnell et a, 2011).
A key serine phosphorylation (S500 in human; $499 in mouse) on
FMRP triggers hierarchical phosphorylation of surrounding serines
and threonines, while enhancing FMRP’s translation-repressing
activity on many synaptic function-linked mRNAs bound by it. The
identity of the kinase(s) that phosphorylates FMRP has remained
subject to intense discussion {Ceman et al, 2003; Narayanan et al,
2008; Coffee et al, 2012; Niere et al, 2012; Bartley et al, 2014, 2016;
Prieto et al, 2020).

In this study, we present evidence that ER stress and hyperc-
holesterolemia in mice induces the phosphorylation of macrophage
FMRP on S$500 by the inositol-requiring enzyme-1 (IRE1), a
conserved endoplasmic reticulum (ER) stress-sensing kinase/endori-
bonuclease (RNase). Metazoans have two IRE] paralogues, IREla
(referred to as IRE1 in this paper) and IRE1B. While IREl« is ubiqui-
tously expressed, IRE1f expression is restricted to gastrointestinal
epithelium (Cloots et al, 2021). To date, IRE1 has been described to
trans-autophosphorylate as a first step in the activation of its RNase
modality, which initiates a nonconventional RNA-splicing reaction
and the production of the transcription factor known as spliced X
box protein-1 (XBP1s), which is one of the key drivers of the
unfolded protein response (UPR) (Walter & Ron, 2011; Cimen et al,
2016a; Robblee et al, 2016). IRE1 senses both protein folding stress
induced by an accumulation of unfolded proteins in the ER lumen
and ER membrane lipid bilayer stress induced by an accumulation
of cholesterol or saturated fatty acids (SFA) {Seimon et al, 2010;
Sukhorukov et al, 2020). While previous studies by us and others
have shown that ER stress and subsequent IREl activation are
causally associated with atherosclerosis progression, the mechanism
by which IRE1 contributes to the disease pathogenesis has remained
elusive (Erbay et af, 2009; Zhou & Tabas, 2013; Tufanli et al, 2017).
Here, we show that IRE1 phosphorylates FMRP on $500, which in
turn leads to post-transcriptional suppression of cholesterol efflux
and efferocytosis by macrophages. FMRP deficiency and IRE1 kinase
inhibition both enhance RCT and efferocytosis in vivo, reducing
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foam cell formation and atherosclerosis progression in mice. These
findings reveal a novel role for FMRP in macrophages in the regula-
tion of cholesterol homeostasis and efferocytosis and provide mech-
anistic insight into IREl-driven atherosclerotic processes during
hypercholesterolemia.

Results

Lipids induce FMRP phosphorylation in IRE1
kinase-dependent manner

Previously published mass spectrometry-based IRE1 interactome data
revealed multiple FMRP-interacting proteins potentially associating
with IRE1 (Fig 1A) (Acosta-Alvear et al, 2018). These proteins share
significant sequence homology with FMRP and are usually found in
homo/heteromeric complexes with FMRP (Zhang et al, 1995). Based
on these observations, we reasoned that FMRP might also physically
interact with IRE1. Indeed, FMRP co-immunoprecipitated with IRE1
in non-stress and ER stress conditions induced by thapsigargin (TG;
an inhibitor of the ER Ca** pump) and tunicamycin (TM; an inhibitor
of N-linked glycosylation) from human embryonic kidney cell line
(HEK293T) cells that were transiently transfected with plasmids
encoding both proteins (Fig 1B).

Since FMRP phosphorylation is critical for translation suppres-
sion and the association with IRE] juxtaposes it to a kinase whose
substrate is unclear, we wondered whether ER stress alters FMRP
phosphorylation state. To assess this possibility, we treated cultured
macrophages with known ER stressors, such as TG and oxidized
low-density lipoprotein (oxLDL, another inducer of ER stress). Using
specific antibodies that recognize 5724 phosphorylation on IRE1 and
$500 phosphorylation on FMRP {Reynolds et al, 2015; Wang et al,
2021), we found that TG and oxLDL significantly induced IRE1
autophosphorylation and FMRP phosphorylation but did not affect
levels of FMRP protein or Fmrl mRNA (Fig 1C and Appendix Fig
S1A and B). Phosphatase treatment of the samples partially reversed
the ER stress-induced increase in the pFMRP/FMRP ratio (Fig 1C,
Appendix Fig $1B), implying FMRP phosphorylation is enhanced by
these ER stressors.

Previous studies showed that hyperlipidemia induces ER stress
in plaque macrophages in vivo (Moore et al, 2013; Kim et al, 2016).
We next investigated whether hyperlipidemia also has an effect on
FMRP phosphorylation on $499 (mouse $S499 corresponds to human
$500). To this end, we used mice deficient in apolipoprotein E
{Apoe / ) as this is a protein found in plasma lipoprotein particles
and facilitates cholesterol clearance from the circulation {Davignon
et al, 1999). In agreement with previous reports, we observed that
ER stress (as monitored by IRE1 autophosphorylation) was induced
in the peritoneal macrophages (PM) obtained from hyperlipidemic,
Apoe / mice that were fed with a Western diet (WD) for 16 weeks
when compared to Apoe / mice fed with chow diet (CD) (Fig 1D).
We found that FMRP $499 phosphorylation, which leads to FMRP-
mediated translational suppression, was 1.4-fold elevated by a
chronic exposure to hypercholesterolemia, whereas FMRP protein
and Fmrl mRNA expression levels remained unchanged (Fig 1D;
Appendix Fig S1C and D).

We next asked what role IRE1 plays in ER stress-induced FMRP
phosphorylation. To address this question, we transfected IRE1-
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specific siRNA to suppress IRE1 expression in a human cell line,
followed by ER stress induction by a saturated fatty acid, palmitate
(PA), that is known to induce ER stress, or TG. While both ER stres-
sors induced the phosphorylation of IRE1 and FMRP, this was
prevented in IRE1 knock-down cells (Fig 1E and Appendix Fig S1E).
In addition, we analyzed hypercholesterolemia-induced FMRP

A B
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phosphorylation in PMs obtained from Apoe ™/~ mice with a genetic

deletion of IREle in the myeloid lineage (IRE1 /") (see Methods)
after feeding with WD for 16 weeks. FMRP phosphorylation, but not
FMRP protein or Fmrl mRNA, was reduced in PM isolated from
IRE1™/~ mice when compared to those isolated from IRE1"/* mice
(Fig 1F, Appendix Fig S1F and G). While these results show a clear
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Figure 1. FMRP is a novel IRE1 kinase substrate.

A STING analysis of published IRE1 interactome proteins in relation to FMRP {Acosta-Alvear et al, 2018).

B HEK293T cells were co-transfected with IRE1 and FMRP plasmids and stimulated with TG (500 nM) or TM (1 mg/ml} for 2 h. Protein lysates were
immunoprecipitated (IP) with anti-IRE1 or IgG (control) antibodies and analyzed by Western blotting using specific antibodies for FMRP and IRE1 (n — 3 biological
replicates).

RAW 264.7 mouse macrophages were treated with either oxLDL (50 pg/ml) or TG (300 nM) for 6 h. Protein lysates were treated with % Phosphatase (PPase) for

30 min and analyzed by Western blotting using specific antibodies for pFMRP, FMRP, pIREL, IRE1, and B-Actin. pFMRP/FMRP fold induction is depicted above the
blots (n — 6 biological replicates).

D Apoe"" mice were fed with chow diet (CD) or western diet (WD) for 16 weeks followed by peritoneal macrophage (PM) isolation. Protein lysates were analyzed by

=

Western blotting using specific antibodies for pFMRP, FMRP, pIREL, IRE1, and B-Actin. pFMRP/FMRP-fold induction is depicted above the blots (n — 5 mice per group).

m

Control- or |IRE1-siRNA transfected HEK293T cells were stimulated by either PA (500 i) or TG (600 ni) for 4 h. Protein lysates were analyzed by Western blotting

using specific antibodies for pFMRP, FMRP, pIRE1, IRE1, and B-Actin. pFMRP/FMRP fold induction is depicted above the blots (n — 4 biological replicates).

F  Protein lysates of thioglycolate-elicited PM from IRE1e™* and IRE1oc™'~ mice (after 16 weeks on WD) were analyzed by Western blotting using specific antibodies for
PFMRP, FMRP, pIREY, IREL, and B-Actin. pFMRP/FMRP fold induction is depicted above the blots (n — 4 mice per group).

G MEF cells were transfected with either empty vector, EGFP-FMRP or 3xFLAG-IREL plasmids then pre-treated either with vehicle (dimethy! sulfoxide, DMSO) or AMG-

18 (25 pM; 1 h) followed by TG (600 nt) stimulation for 4 h. Protein lysates were analyzed by Western blotting using specific antibodies for pFMRP, FMRP, pIRE1,

IREL, and B-Actin. pFMRP/FMRP fold induction is depicted above the blots (n — 4 biological replicates).

(C57BL/6 were injected either with DMSO or AMG-18 (30 mg/kg: 8 h), followed by TM injection (1 mg/kg; 8 h). Protein lysates of thioglycolate-elicited PM were

analyzed by Western blotting using antibodies for pFMRP, FMRP, pIREL, IRE1, and B-Actin. pFMRP/FMRP fold induction is depicted above the blots (n — 4 mice per

group).

| HEK293T cells were transfected with either empty vector (EV), IRE1-WT, or IRE1-KD plasmids and stimulated by TG (600 nt; 1 h). Protein lysates from each
transfection were separately immunoprecipitated (IP) with anti-IRE1 antibody and subjected to a kinase reaction with purified hFMRP protein and ATP-y-S (100 pM)
in kinase buffer. The IP protein were analyzed by Western blotting using specific antibodies for thiophosphate esters (ThioP), IRE1, and FMRP (n — 3 biological
replicates).

] Purified FMRP and IRE1 kinase (activated) proteins were subjected to kinase assay and analyzed by Western blotting using specific antibodies for ThioP, IREL, and
FMRP (n — 3 biological replicates) and with LC-MS/MS. Identified IRE1 kinase-mediated FMRP phosphorylation sites (bottom).

K Fmrl™" mouse embryonic fibroblasts (MEF) were transfected either with EV, WT-FMRP, SA-FMRP, or STSA-FMRP plasmids followed by PA treatment (500 pM; 6 h).

Protein lysates were analyzed by Western blotting using specific antibodies for FMRP, pFMRP, pIREL, and B-Actin (n — 3 biological replicates).

=i

Data information: A representative blot is shown. In D, E, G, and H data are cumulative results of two independent experiments. Data are mean 4 SEM. Unpaired t-test
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with Welch's correction or paired t-test.
Source data are available online for this figure.

reduction in FMRP phosphorylation upon siRNA treatment or gene
knock-out, we observed residual signal in both cases (Fig 1E and F).
As we confirm below (Fig 1K), the antibody used in these experi-
ments is phosphorylation specific. We, therefore, surmise that
partial phosphorylation on $500/5499 may also be mediated by the
other kinases that are known to phosphorylate this residue on FMRP
(Narayanan et al, 2008; Bartley et al, 2016), in addition to IRE1 as
we show here. Collectively, our ir vitro and in vivo results strongly
support that ER stress-induced activation of IRE1 kinase leads to
enhanced phosphorylation of FMRP on $500/5499.

IRE1 phosphorylates FMRP

To begin investigating the role of IRE1’s kinase activity in ER stress-
induced FMRP phosphorylation, we expressed a 3xFLAG-tagged
IRE1 (FLAG-IRE1) and/or EGFP-FMRP in wild-type mouse embry-
onic fibroblasts {MEFs). Endogenous FMRP and IRE1 migrated
faster in SDS-PAGE gel than the epitope tagged EGFP-FMRP and
FLAG-IRE1, respectively. In all conditions, the MEFs were TG-
treated (to stimulate IRE1 kinase activity) in the absence or presence
of an IRE1 kinase-specific inhibitor (AMG-18) (Papandreou et al,
2011; Ghosh et al, 2014; Tufanli et al, 2017; Harnoss et al, 2019). In
the absence of AMG-18, both IRE1 and FMRP were phosphorylated.
AMG-18 treatment prevented IRE1 phosphorylation while clearly
reducing FMRP phosphorylation (Fig 1G and Appendix Fig S1H).
While these data further support the notion that IRE1 phosphory-
lates FMRP during ER stress, alternative kinase(s) appears to medi-
ate the same reaction. This is consistent the published data that
several kinases can phosphorylate the same residue on FMRP
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{Narayanan et al, 2008; Bartley et al, 2016). Furthermore, in an
in vivo setting where mice were injected with TM to induce IRE1
kinase activity, treatment with AMG-18 inhibited IRE1 kinase activity
and reduced FMRP phosphorylation in PM (Fig 1H and Appendix Fig
$11). Taken together, our findings support the notion that IRE1 kinase
activity makes an important contribution to ER stress-induced FMRP
$499 phosphorylation in mouse macrophages and MEFs as well as
$500 in HEK293T cells. Our data also support that other known or
unknown FMRP kinase(s) are responsible for basal FMRP phosphory-
lation that is observed in non-stress conditions.

To ask whether IRE1 can phosphorylate FMRP directly, we
employed in vitro assays. To this end, we immunoprecipitated wild
type (WT) or kinase dead (KD) mutant IRE1 from HEK293T cells
(after treating with ER stressor) and incubated the immunoprecipi-
tates with purified, recombinant human FMRP protein in a kinase
reaction. The reaction included ATP-y-S instead of ATP, which
allows kinases to thio-phosphorylate their substrates. The resultant
kinase reaction was analyzed by Western blotting using an anti-
thiophosphate ester antibody. In the reaction containing IRE1-WT,
both proteins were thio-phosphorylated, but not in the reaction
containing the IRE1-KD mutant (Fig 11).

To determine the specific amino acids phosphorylated by IREI,
we performed the kinase reaction using purified, recombinant
human IRE1-kinase/RNase domains (amino acids 468-977) and
human FMRP proteins. Both IRE1 and FMRP were phosphorylated
in this reaction in an AMG-18-sensitive manner (Fig 1J). Liquid
chromatography-mass spectrometry (LC-MS/MS)-based analysis of
the phosphorylated FMRP residues in this kinase reaction revealed
eight IRE1l-induced phosphorylation sites on FMRP at serine (5362,
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$494, $497, S500, S504) and threonine (T502, T592, T594) (Fig 1J,
Appendix Fig $1J and K). Importantly, $500 in human FMRP is the
previously identified FMRP phosphorylation site that was shown to
enhance FMRP-mediated translational suppression (Ceman et al,
2003; Narayanan et al, 2008; Coffee et al, 2012; Niere et al, 2012;
Bartley et al, 2014, 2016; Prieto et al, 2020).

Using site-directed mutagenesis, we engineered two mutant
versions of FMRP, in which we either changed S500 to alanine
(SA mutant) or S500, T502, and $504 to alanine (STSA triple
mutant) to block phosphorylation at $500 and amino acids in its
proximity. We then induced ER stress with PA in Fmrl / MEFs
transiently transfected with WT FMRP and FMRP mutants (SA
and STSA). PA induced FMRP phosphorylation in WT FMRP-
reconstituted cells but failed to do so in cells expressing the SA
and STSA mutants of FMRP (Fig 1J). These data confirm the
specificity of the FMRP antibody for phosphorylated $500 and is
consistent with the notion that IRE1 kinase directly phosphory-
lates human FMRP protein on $500.

IRE1-FMRP signaling induces foam cell formation while
suppressing RCT

We next wondered what role FMRP plays in macrophage biology
that is relevant to atherosclerotic plaque development. We
performed an in vivo macrophage foam cell formation assay in the
peritoneum of Fmrl / and Fmrl™/" mice, using a well-established
method in which we induced hyperlipidemia using a combination of
adenoviral-delivery of proprotein convertase subtilisin kexin 9
(AAV_PCSK?9), a protein that directs hepatic low-density lipoprotein
(LDL) receptors for degradation, and feeding with WD for 16 weeks
(Li et al, 2007; Tsimikas et al, 2011; Peled et al, 2017). FMRP defi-
ciency significantly reduced foam cell formation in vivo (Fig 2A).
Next, we fed Apoe / mice with a WD (12 weeks) and injected
them daily with the IRE1 kinase inhibitor, AMG-18, or vehicle for
the last 4 weeks. AMG-18 reduced foam cell formation in the peri-
toneum in vivo (Fig 2B). This result indicates that IRE1-FMRP
signaling axis enhances foam cell formation.

We also transfected wild type BMDMSs with either Fmrl-specific
or control siRNA and followed by loading the cells with 3,3'-
dioctadecylindocarbocyanine (dil)-labeled acetylated LDL (Ac-LDL)
(Carotti et al, 2021). Flow cytometry analysis revealed that Fmrl
silencing significantly reduced % dil-acLDL internalized in macro-
phages (Fig 2C, Appendix Fig S2A). Likewise, Fmrl / BMDM
displayed reduced % dil-acLDL internalization when compared to
Fmr1™/* BMDM (Fig 2D). A similar reduction in foam cell formation
was observed with the IRE1 kinase inhibitor {Fig 2E). These results
indicate that both the inhibition of IRE1 kinase activity and the
genetic deletion of its proposed substrate, FMRP, reduce foam cell
formation in vitro and in vivo. Reduced foam cell formation could
be explained with less cholesterol uptake, however, neither FMRP
knock down nor IRE1 kinase inhibition altered cholesterol uptake in
macrophages {Appendix Fig S2B). We reasoned that this observa-
tion is most likely related to an increase in cholesterol export (RCT;
due to increased translation of cholesterol exporters) from Fmrl /
macrophages. Indeed, FMRP deficiency led to an increase in choles-
terol efflux coupled with its loading onto the cholesterol carriers,
apolipoprotein-Al {APOA1) and HDL (Fig 2F), and, likewise, the
IRE1 kinase inhibitor enhanced cholesterol efflux (Fig 2G). Thus,
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ER stress-associated reduction in cholesterol efflux is dependent on
both IRE1 kinase activity and FMRP.

Next, we determined whether the absence of FMRP in BMDMs
also enhances RCT in vivo. To this end, we pre-loaded Fmrl™* and
Fmrl / BMDMs with [*H]-cholesterol and injected the cells subcuta-
neously into WT mice (Fig 2H). FMRP deficiency in macrophages
significantly increased radioactivity counts ([*H]-cholesterol) in the
plasma, liver, and feces of the recipient mice, when compared to
recipient mice that received Fmrl1™/* macrophages (Fig 21-K), demon-
strating that FMRP deficiency in macrophages enhances RCT in mice.

FMRP regulates macrophage efferocytosis

We next investigated the impact of FMRP deficiency on efferocyto-
sis, a primary process that promotes atherosclerotic plaque regres-
sion by removing apoptotic macrophages in the lesion area. To this
end, we transfected BMDM (red fluorescent stained) with Fmrl-
specific or control siRNA and incubated them with green
fluorescent-labeled apoptotic cells (ACs), in which apoptosis was
induced by ultraviolet (UV) irradiation. FMRP knock-down
increased efferocytosis of ACs (as measured by colocalization of the
fluorescent markers), when compared to control (Fig 3A). FMRP-
deficient BMDMs also increased efferocytosis when compared to
wild type BMDMs under both no-stress and PA-induced ER stress
conditions (Fig 3B). Next, we induced hyperlipidemia in Fmr1 /
and Fmr1™" mice as described above using a combination of
AAV_PCSK9 injection and feeding with a WD. We then injected the
mice intraperitoneally with green fluorescent-labeled ACs and
harvested PM macrophages. FMRP-deficient PMs displayed
enhanced efferocytosis compared to WT PMs (Fig 3C).

We next asked how IRE1 kinase activity impacts efferocytosis by
macrophages. We observed that AMG-18 increased efferocytosis of
ACs in BMDMs (Fig 3D). Next, we injected wild type mice with
AMG-18 (for 8 h) followed by injection of green fluorescent-labeled
ACs. AMG-18 also induced efferocytosis of ACs by PM in wivo
(Fig 3E).

Continued clearance of ACs by macrophages prevents the accu-
mulation of necrotic cells and is an important process that promotes
atherosclerosis regression (Yurdagul et al, 2017). To determine
whether Fmrl / macrophages can efficiently internalize multiple
ACs over consecutive rounds of engulfment, we incubated macro-
phages with green fluorescent-labeled AC for 2 h, followed by second
incubation with violet fluorescent-labeled AC for 2 more hours.
FMRP-deficient BMDMs displayed an increase in continued efferocy-
tosis when compared to wild type BMDMs (Fig 3F). Likewise, treat-
ment of wild type BMDM with AMG-18 enhanced continued
efferocytosis of ACs (Fig 3G). Collectively, these results demonstrate
that the ablation of IRE1 kinase activity and its proposed substrate,
FMRP, enhances efferocytosis in vitro and in vivo.

Translational suppression of cholesterol transporters and
efferocytosis regulators by FMRP during ER stress

Consistent with our observations that macrophage FMRP plays a
role in suppressing cholesterol efflux and efferocytosis, published
data describing the FMRP-RNA interactome also suggest that FMRP
interacts with mRNA-encoding proteins involved in cholesterol traf-
ficking (such as Abcal and Abcgl) and efferocytosis receptors {such
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Figure 2. FMRP defici h RCT while reducing foam cell formation in vivo.

A Fmrl** and Fmrl ™/~ mice were injected with AAV_PCSK9 and fed with 16 weeks of WD. Residential PM were stained with Oil Red O (ORO) and imaged (n = 7
mice per group; Scale bar = 50 pm).

B Apoe~’~ mice were fed with WD (12 weeks) and injected with vehicle (DMSO) or AMG-18 (30 mg/kg/day) in the last 4 weeks of WD. Residential PM were stained
with ORO and imaged (n = 5 mice per group; Scale bar = 50 pm).

C-E Flow cytometry analysis of BMDMs after dil-ac-LDL (25 pg/ml) loading for 24 h; (C) control- or Fmrl1-siRNA transfected BMDM (n = 4 biological replicates), (D)
Fmr1** and Fmr1~/~ BMDM {n = 4 biological replicates), (E) BMDM pre-treated with either vehicle (DMSO) or AMG-18 (5 uM; 1 h) (n = 6 biological replicates).

F,G Macrophages were pre-loaded with fluorescently labeled cholesterol (16 h) followed by incubation in efflux medium including APOA1 (25 pg/ml) or HDL (50 pg/ml)
as acceptors for 6 h. % Efflux was calculated as chol | signal in medi I | signal in medium and cell: Cholesterol efflux in (F) Fmr1™* and Fmr 7/~
BMDM (n = 4 biological replicates) and in (G) BMDM that were pre-treated either with DMSO or AMG-18 (5 pM; 1 h) (n = 4 biological replicates).

H-K RCT experiment: (H) Schematic representation of C57BL6 mice were injected with [*H]-cholesterol-loaded foamy Fmr1** and Fmr1~/~ BMDM, (1) plasma
cholesterol levels after 24 and 48 h, () liver cholesterol levels after 48 h, and (K) feces cholesterol levels after 48 h (n = 12 mice per group).

Data information: Data are mean = SEM. Unpaired t-test with Welch's correction.
Source data are available online for this figure.
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Figure 3. FMRP deficiency increases efferocytosis in vivo.

A-E In vitro and in vivo efferocytosis experiments, where percentage of macrophages F4/80" (red) that ingested apoptotic cells (AC) labeled with carboxyfluorescein
succinimidyl ester (CFSE)* (green) were reported as % efferocytosis. (&) BMDMs were transfected with Fmrl- or control-siRNA and incubated CFSE-labeled AC for
the indicated hours (1 — 4 biological replicates). (B) Fmrl*™ and Fmirl ™~ BMDMs were treated with PA {500 pM) for 6 i and then incubated with CFSE-labeled
ACs for 4 i {n — 4 biological replicates). (C) Fmrl** and Fmrl ™~ mice were fed WD {16 weeks) and injected intraperitoneally with CFSE-labeled AC (15 fi),
followed by PM elicitation (7 — 4-5 mice per group). (D) BMDM were pre-treated either with vehicle (DMSO) or AMG-18 (5 uh) for 1 1 then incubated with CFSE-
labeled Acs for 4 1 {(n — 3 biological replicates). (E) C57BL/6 mice were injected with AMG-18 (30 mg/kg) or veficle (DMSO) for 8 1, followed by intraperitoneal
injection with CFSE-labeled ACs for 1.5 f and PMm elicitation {n — 4 mice per group)

F.G In vitro continuous efferocytosis experiments, where macrophages were stained for F4/80" (red), AC were labeled with CFSE (AC-1; green) or Violet (AC2; violet). %
continuous efferncytosis was determined by the ratio of F4/30°, CFSE*, and Violet* triple positive) cells to total F4/80" and CFSE* (double positive) cells. {F) Frrl ™
and Fmirl '~ BMDM were incubated with AC-1 for 2 i, and after 2 i interval incubated with AC-2 for 2 more fiours {n — 4-3 biological replicates). {G) BMDM were
pre-treated either with vehicle (DMSO) or AMG-18 (5 pM) for 1 h, incubated with CFSE-labeled AC-1 for 2 f, followed by incubation with Violet-labeled AC-2 for
2 fr and PM collection {n — 4 biological replicates)

Data information: For all images scale bar — 50 um; Red: Macrophages, Green: AC/AC-1, Violet: AC-2. Data are mean & SEM. Unpaired £-test with Welch’s correction

Source data are available online for this figure.
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as c-Mer tyrosine kinase (Mertk) and LDL receptor-related protein 1
(Lrpl)), suggesting FMRP may impair their translation (Darnell
et al, 2011; Ascano et al, 2012). To assess this notion in macro-
phages, we next performed polyribosome profiling in Fmr1*/* and
Fmrl ™~ BMDMs under PA-induced ER stress conditions (Fig 4A
and B, Appendix Fig S3A). Indeed, the mRNA abundance for the
cholesterol transporters, Abcal and Abcgl, and the mRNA abun-
dance for efferocytosis regulators, Mertk, Lrpl, and Cd36, were
increased in translating polysome fractions and decreased in non-
translating (NTR) fractions in the Fmrl~/~ BMDMs when compared
to Fmrl”* BMDMs (Fig 4B), while the abundance of these mRNAs
in the total cell lysate was unchanged (Appendix Fig S3B).

Zehra Yildirim et al

We next analyzed the corresponding protein expression changes
for the FMRP-regulated mRNA targets from the same experiment in
Fig 4A and B. As expected, ABCAl, ABCG1, MerTK, and LRP1
protein expression levels were induced in Fmrl ™/~ BMDMs (Fig 4C
and Appendix Fig S3C). To further assess the impact of IREI-
mediated FMRP phosphorylation on the translation of FMRP's
targets, we overexpressed the FMRP phosphorylation-deficient
mutant (STSA) or WT-FMRP in Fmrl /= MEFs and treated with PA
to induce ER stress. ABCA1, LRP1, and MerTK expression levels
were reduced in the Fmr1~/~ MEF expressing WT-FMRP, but not in
Fmrl ™/~ MEFs expressing STSA-FMRP (Fig 4D and Appendix Fig
S3D). Taken together, our data demonstrate that IREl-mediated

A B
8
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= & 6- p=0:2212
10% §
e §3 %
Ultracentrifugation 33 §4- P06 00413 1oa7 00461 P=00560
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Gradiet 2 hours a, ] g
50%
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T e I
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Figure 4. FMRP targets in macrophages.

A B RNA lysates from Fmr1*/* and Fmrl ™/~ BMDM that were treated with PA (500 uM; 6 h) were fractionated using a 10-50% sucrose gradient and separated to
polysome, monosome/NTR fractions. The absorbance (260 nm) of RNA was measured and plotted as a function of time (n = 3 biological replicates). (A)
Representative profile for RNA distribution from genotypes based on UV absorbance readings after sucrose gradient fractionation. (B) The ratio of the Abcal, Abcgl,

Mertk, Lrpl, Cd36, Cd47, and Racl mRNA in polysome to NTR fraction (n = 3 b
C  BMDM were isolated from Fmr1*/* and Fmr1~/~, and protein lysates were ana

iological replicates).
lyzed by Western blotting using specific antibodies for ABCA1, ABCG1, MerTK, LRP1,

FMRP, and B-Actin antibodies and fold inductions relative to B-Actin are depicted above the blots (n = 6 biological replicates).
D Fmrl™/~ MEF cells were transfected with EV, WT-FMRP, or STSA-FMRP plasmids followed by PA treatment (500 uM; 6 h). Protein lysates were analyzed by Western
blotting using specific antibodies for ABCA1, MerTK, LRP1, pFMRP, FMRP, and B-Actin and fold inductions relative to B-Actin are depicted above the blots (n = 5

biological replicates).

Data information: A representative blot is shown. In C and D, data are cumulative results of 2 and 3 independent experiments, respectively. In Western blots, the protein
expression fold change was calculated relative to B-Actin and depicted above the blots and a representative blot was shown. Data are mean + SEM. Unpaired t-test

with Welch’s correction.
Source data are available online for this figure.
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FMRP phosphorylation tunes cholesterol transporters and efferocy-
tosis regulators expression in macrophages.

FMRP knock-down and IRE1 kinase inhibition
alleviates atherosclerosis

Our findings demonstrate that both IREl kinase inhibition and
FMRP deficiency result in increased RCT, reduced foam cell forma-
tion, and enhanced efferocytosis in vivo, suggesting that FMRP defi-
ciency in mice leads to protection from atherosclerosis. We tested
this notion using Fmrl / */* mice in which hyperlipi-
demia was induced by combining AAV_PCSK9 injection with a WD
as described above (Fig 5A). Although there was a very slight
decrease in body weight ratio; the plasma glucose, total plasma
cholesterol (TPC), lipoprotein levels, and the number of circulating,
major type of immune cells were indistinguishable between the
Fmrl / and Fmr1*/* genotypes (Appendix Fig S4A-F). Yet, FMRP
deficiency resulted in a significant reduction in atherosclerotic
lesions in en face aorta preparations (Fig 5B). FMRP deficiency did
not alter aortic root lesion area despite a significantly decreased
foam cell area (as assessed by Oil Red O staining) (Fig 5C and D).
We next asked what may be contributing to this phenotype. The
necrotic core area in the lesions from Fmrl / mice was signifi-
cantly less than in Fmr1™" lesions (Fig SE), indicating improved AC
clearance by Fmrl / macrophages in plaques. We also observed a
significant reduction in lesion macrophages {as assessed by the anti-
monocyte macrophage 2 (MOMA-2)-stained area) and the number
of apoptotic cells (TUNEL-stained) per macrophage area
(Appendix Fig S4G and H). We further investigated whether apopto-
sis is altered in Fmrl / and AMG-18-treated macrophages. There
was no significant change between the groups (Appendix Fig S41I),
supporting the notion that the primary consequence of inhibiting
IREI-FMRP signaling is efficient clearance of apoptotic cells through
increasing efferocytosis capacity. Additionally, we detected no
change in smooth muscle area {stained with smooth muscle actin
(SMA)), but there was a significant increase in the collagen content
of Fmrl / lesions when compared to Fmr1*/* lesions, suggesting
this could be the reason why aortic root lesion area is not signifi-
cantly altered (Appendix Fig $4J and K).

To approach the role of macrophage FMRP in atherosclerosis, we
generated a myeloid Fmrl-deficient mouse model (myFmrl / ) and
induced hyperlipidemia (Fig S5F). As expected from the systemic
deletion data shown in Fig 5A, the body weight, plasma glucose and

and Fmrl

Figure 5. FMRP-deficiency alleviates atherosclerosis.

= GRS ST ) ) (e e

Data information: Data are mean £ SEM; Mann Whitney U test.
Source data are available online for this figure.
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TPC were indistinguishable between the myFmrl / and myFmr1*/*
genotypes (Appendix Fig $4L-N). in general, myeloid-specific FMRP
deficiency paralleled the results obtained for Fmrl / mice: it
resulted in a significant reduction in atherosclerotic lesions in en
face aorta preparations (Fig 5G). Myeloid-specific FMRP deficiency
did not alter aortic root lesion area but significantly reduced foam
cell area (Fig SH and I). The necrotic core area in the lesions from
myFmrl / mice was also significantly less than in myFmr1"*
lesions (Fig 5J), indicating improved AC clearance by Fmrl /
macrophages in plaques and supporting our observations that FMRP
deficiency increases macrophage efferocytosis in vitro and in vivo
(Fig 3). Thus, comparing the data obtained with the Fmrl / mice
with those obtained from the myFmrl / mice indicates that the
atheroprotective effects observed in Fmrl / mice are mostly, if not
exclusively, due to FMRP’s role in myeloid cells such as macro-
phages.

To test the notion that IRE1 functions upstream of FMRP, we
next investigated the impact of IRE1 kinase inhibition on atheroscle-
rosis. To this end, we fed Apoe / mice with WD for 12 weeks and
injected them with AMG-18 or vehicle once daily for the last
4 weeks of WD (Fig 6A). We observed no significant differences in
body weight, plasma glucose or TPC, and the number of circulating
immune cells between the groups (Appendix Fig S5A-D). Consistent
with an earlier publication that determined the effective and non-
toxic dose for AMG-18 in mice, the inhibitor engaged its molecular
target effectively in the treatment group (as assessed by reduced
IRE1 autophosphorylation) {Appendix Fig SSE). IRE1 kinase inhibi-
tion led to a decrease in atherosclerotic lesions in en face aorta
preparations (Fig 6B). As shown above for the Fmrl / mice, the
aortic root lesion area was not different between the groups
{Fig 6C), but foam cell area as well as necrotic core area were signif-
icantly decreased (Fig 6D and E).

We also assessed the impact of twice daily injections of the same
dose of AMG-18 on Apoe / mice that were fed with WD for
12 weeks (Fig 6F). While we noted a decrease in body weight ratio
and TPC, there were no significant differences in plasma glucose
levels similar to once daily injection {Appendix Fig S5F-H), and the
inhibitor engaged its molecular target effectively (as assessed by
reduced IRE1 autophosphorylation) (Appendix Fig S51 and J). IRE1
kinase inhibition led to a significant decrease in atherosclerotic
lesions in en face aorta preparations (Fig 6G). AMG-18 injection did
not alter aortic root lesion area but significantly decreased foam cell
area and necrotic core area (Fig 6H-J). Collectively, our findings

Atherosclerosis experiment design in Fmrl*™* and Fmrl ™~ mice that were injected with AAV_PCSK9 and fed WD (16 weeks).

Lesion area calculated from en face aorta, stained with ORO (n — 12-13 mice per group; Scale bar — 5 mm).

Total plaque area was calculated from hematoxylin & eosin (H&E)-stained aortic root sections {(n — 8 mice per group; Scale bar — 300 pum).
Foam cell area was calculated from ORO-stained aortic root sections (n — 8 mice per group; Scale bar — 300 um).

Necrotic area was calculated from H&E-stained aortic root sections (n — 8 mice per group; Scale bar — 100 pm).

Atherosclerosis experiment design in myFmr1*™* and myFmr1~= mice that were injected with AAV_PCSKZ and fed WD (16 weeks).

Lesion area calculated from en face aorta, stained with ORO (n — 9 mice per group; Scale bar — 5 mm).

Total plaque area was calculated from H&E-stained aortic root sections (n — 9-6 mice per group; Scale bar — 300 pm).

Foam cell area was calculated from ORO-stained aortic root sections (n — 9-6 mice per group; Scale bar — 300 um).

Necrotic area was calculated from H&E-stained aortic root sections (n — 9-6 mice per group; Scale bar — 100 pm).
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thus demonstrate that the inhibition of IRE1 kinase activity by a
small-molecule inhibitor or genetic ablation of FMRP, its kinase
substrate, in macrophages can reduce the progression of
hypercholesterolemia-induced atherosclerosis.

Discussion

Chronic lipid accumulation in the ER membranes {e.g., during
obesity and in hyperlipidemia) has been shown to impair ER func-
tions and activate UPR signaling (Li et al, 2004; Borradaile et al,
2006; Fu et al, 2011; Volmer et al, 2013; Cimen et al, 2016b).
Numerous studies have shown that ER stress is an important primer
for sterile inflammation that drives insulin resistance and atherogen-
esis {Hotamisligil, 2017). Moreover, alleviating ER stress by inhibit-
ing either PERK or IREl signaling prevents atherosclerosis
progression (Erbay et al, 2009; Tabas, 2010; Tufanli et al, 2017;
Onat et al, 2019). But how does chronic IRE1 kinase activation
contribute to the atherosclerotic process? Our work revealed that in
ER-stressed macrophages phosphorylation of FMRP, an RBP func-
tioning as a translational suppressor, is enhanced in an IRE1 kinase-
dependent manner. This phosphorylation event results in a gain-of-
function for FMRP, which leads to enhanced translational suppres-
sion of cholesterol transporters and efferocytosis receptors.
Although ubiquitously expressed, prior work focused almost exclu-
sively on FMRP’s role in neurons in the context of its devastating
role in FXS pathology (Sethna et al, 2014; Davis & Broadie, 2017;
Leboucher et al, 2019a). Our work reveals a novel function for
FMRP in macrophages. Intriguingly, an earlier publication showed
that FMRP protein expression is elevated in the macrophage-
enriched area of human atherosclerotic plaques (Tuomisto et al,
2003). Moreover, lower cholesterol levels have been measured in a
subpopulation of the individuals afflicted with FXS, as well as in
Fmrl / mice (Berry-Kravis et al, 2015; Lisik et al, 2016; Leboucher
et al, 2019b). Although these findings foreshadowed a role of FMRP
in the regulation of cholesterol homeostasis (Tuomisto et al, 2003;
Darnell et al, 2011; Ascano et al, 2012}, FMRP’s contribution to
atherosclerosis was not investigated prior to this study, perhaps
because Fmrl lies on the X chromosome and most genome-wide
association studies in humans focus on variants on autosomal chro-
mosomes excluding sex chromosomes. While characterizing the
impact of IREl kinase activity and it’s here proposed kinase

Figure 6. IRE1 Kinase inhibition alleviates atherosclerosis.
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substrate, FMRP, on macrophage functions, our current study
revealed a role for an “IRE1-FMRP signaling axis” in the regulation
of macrophage cholesterol trafficking and efferocytosis, which are
among the primary cellular mechanisms that can regress atheroscle-
rosis (Fig 7).

To gain insight into the physiological role of macrophage FMRP,
we investigated the consequences of FMRP deficiency on macro-
phage biology that are relevant to atherosclerosis development and
plaque regression, such as foam cell formation, cholesterol efflux,
and efferocytosis. Our findings show that FMRP has a prominent
role in all three processes. Additionally, our observations are consis-
tent with the finding that several mRNAs encoding cholesterol trans-
porters and efferocytosis receptors interact with FMRP in prior RNA
crosslinking immunoprecipitation (CLIP) experiments (Darnell et al,
2011; Ascano et al, 2012). Our data show that the absence of FMRP
in macrophages increases the occupancy of these mRNAs in the
polysome fraction, paralleling the increased expression of their
corresponding protein products. In agreement with our observations
in cells, FMRP deficiency in macrophages increased RCT and effero-
cytosis in mice. Moreover, systemwide and myeloid-specific Fmrl
knock-out mice were protected from hypercholesterolemia-induced
atherosclerosis progression. In agreement with this notion, the IRE1
kinase-specific inhibitor, AMG-18, phenocopies the beneficial
impact of FMRP deficiency (such as enhanced cholesterol efflux and
efferocytosis) in macrophages. While our studies provide strong
support for the role of macrophage FMRP in atherosclerosis progres-
sion, we did not examine the contribution of FMRP activity in other
lesion cell types, such as endothelial or vascular smooth muscle
cells, on atherosclerosis. The impairment of RCT and efferocytosis
by IRE1-FMRP signaling implies that interventions to ablate FMRP
in a macrophage-specific manner and in the adult organism could
promote atherosclerotic plaque stabilization and hinder plaque
progression, while escaping an adverse impact of FMRP deficiency
on neuronal development.

Two recent studies show that FMRP plays a metabolic role in the
liver. For example, systemic FMRP deficiency in mice led to
enhanced glucose tolerance and insulin sensitivity, while lowering
plasma triglyceride and cholesterol content (Leboucher et al,
2019b). Another study showed combined deficiency of FMRP and
its paralog FXR2 (Fragile X mental retardation autosomal homolog
2) resulted in lower body fat and increased sensitivity to insulin
{Lumaban & Nelson, 2015). Intriguingly, the FMRP loss-of-function

A Atherosclerosis experiment design in Apoe’/’ mice were fed with WD (12 weeks) and injected with vehicle (DMSO) or AMG-18 (30 mg/kg) once a day in the last

4 weeks of WD.

nmon®

4 weeks of WD.

Lesion area calculated from en face aorta, stained with ORO (n — 5 mice per group; Scale bar — 5 mm).

Total plaque area was calculated from H&E-stained aortic root sections (n — 5 mice per group; Scale bar — 300 pm).

Foam cell area was calculated from ORO-stained aortic root sections (n — 5 mice per group; Scale bar — 300 pm).

Necrotic area was calculated from H&E-stained aortic root sections (n — 5 mice per group; Scale bar — 100 pm).

Atherosclerosis experiment design in Apoe"' mice were fed with WD (12 weeks) and injected with vehicle (DMSO) or AMCG-18 (30 mg/kg) twice a day in the last

Lesion area calculated from en face aorta, stained with ORO (n — 6 mice per group; Scale bar — 5 mm).

Foam cell area was calculated from ORO-stained aortic root sections (n — 5 mice per group; Scale bar — 300 pum).

G
H Total plaque area was calculated from H&E-stained aortic root sections (n — 5 mice per group; Scale bar — 300 um).
|
J

Necrotic area was calculated from H&E-stained aortic root sections (n — 5 mice per group; Scale bar — 100 pm).

Data information: Data are mean =+ SEM; Mann Whitney U test.
Source data are available online for this figure.

© 2022 The Authors
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in liver resulted in increased translation of hepatic mRNA involved
in lipid metabolism (Leboucher et al, 2019b). In contrast to this
previous work, we did not find Fmrl - 8¢
in plasma cholesterol or lipoprotein levels in our atherosclerosis
mouse models, perhaps due to the severe hypercholesterolemia
induced by both genetic and dietary interventions.

In an earlier study, we had shown that small-molecule inhibitors
that are specific for IRE1’s RNase activity prevented lipid-induced
inflammasome activation and secretion of mature interleukin-1p
(m-IL-18) and m-IL-18 in both mouse and human macrophages
while reducing hyperlipidemia-induced m-IL-18 and m-IL-18
produgjion and atherosclerotic plaque size in mice (Tufanli et al,
2017). FMRP suppression also reduces m-IL-1f secreted from
macrophages but without altering inflaimmasome activation
(Appendix Fig S6A-F). Knocking out FMRP from macrophages has
no effect on IL-1p mRNA levels in the whole cell lysate or in the
polysomes, suggesting against transcriptional or translational

36 fotod ok

EMBO Molecular Medicine

control over these cytokines’ production (Appendix Fig S6G and H).
As expected, inhibition of IRE1 kinase also reduces m-IL-1f
(Appendix Fig S61-K). Intriguingly, IL-1f can be secreted through
ABCA1 and compete with cholesterol efflux through the same trans-
porter (Tumurkhuu et al, 2018). Since the inhibition of IRE1 kinase-
FMRP axis leads to a marked upregulation of cholesterol efflux in
macrophages (as shown in our study), it is plausible that increased
demand for ABCA1 for cholesterol efflux could prevent IL-1p secre-
tion through this route.

Our finding that IRE1 phosphorylates FMRP leads to an impor-
tant question: Why does the UPR signaling impinge on FMRP-
mediated translational suppression? While intensely debated, multi-
ple mechanisms have been proposed for translational suppression
by FMRP including polyribosome stalling, miRNA-mediated transla-
tional silencing, and impairing translational initiation (Napoli et al,
2008; Edbauer et al, 2010; Darnell et al, 2011; Chen et al, 2014).
Recently, phosphorylation-dependent FMRP-RNA phase separation

Figure 7. IRE1-FMRP controls efflux and in
IREL i FMRP ph lati pp t ion of MRNA for key cholesterol transporters and efferocytosis in macroph and pi
atherosclerosis.
©2022 The Authors EMBO Molecular Medicine 153442022 13 of 22
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from Jackson Lab (004781) to obtain myeloid Fmrl-deficient
{myFmrl /"y mice.

Starting at 8 weeks of age, Fmrl™", Fmrl / , myFmr1™/*, or
myFmrl / mice were injected with 1 x 10'° AAV_PCSK9
(AAV8-D377Y-mPCSK9, Vector BiolabsAAV-268246) via tail vein,
then fed with normal chow or high cholesterol/high fat
atherosclerotic mouse diet from Envigo (TD.88137) for 6-
16 weeks. Apoe / mice were fed with WD (12 weeks) and
intraperitoneally injected with vehicle (DMSO) or AMG-18
(30 mg/kg) once or twice a day in the last 4 weeks of WD.
CS57BL/6 were injected with Tunicamycin (TM, 1 mg/kg) and
with AMG-18 (30 mg/kg) or vehicle (DMSO) in 20% vol/vol
Cremophor EL saline solution, as described in (Tufanli et al,
2017). Eight hours later, peritoneal macrophages were isolated by
thioglycolate elicitation for further analysis.

/4

Husbandry conditions and study approval

Mice were kept under specific pathogen-free conditions with food
and water ad libititum. Both female and male mice were used for
experiments. All animal experiments were performed according to
protocols approved by the Experimental Animal Ethical Care
Committees at Bilkent University, Ankara, Turkey or Cedars Sinai
Medical Center, Los Angeles, USA or the University of Ottawa
Animal Care Committee, Ottawa, ON K1N 6N5, Canada.

Macrophage isolation

Peritoneal macrophages

3% thioglycolate solution was injected to mice intraperitoneally and
peritoneal macrophages were collected 4 days after by washing the
peritoneal cavity with ice-cold PBS (10 ml) as described before
(Zhang et al, 2008; Onat et al, 2019). Cells were centrifuged at 500 g
for 5 min at 4°C and resuspended in RPMI medium in cell culture
plates. Macrophages were incubated at 5% carbon dioxide incubator
at 37°C for 30 min to attach and non-adherent cells were removed
along with media. Cells were rinsed with PBS and used for protein
isolation or RNA isolation.

Bone Marrow-Derived Macrophages (BMDM)

Bone marrows were collected form the tibia and femurs of mice into
RPMI containing 1% Penicillin/streptomycin (P/S) cocktail as previ-
ously described (Tufanli et af, 2017). After filtering through a cell
strainer (BD, 352350), cells were centrifuged at 500 g for 5 min and
resuspended in RPMI enriched with 20% 1929 cells conditioned
medium, 10% heat-inactivated fetal bovine serum (FBS), and 1% P/
S cocktail, followed by growth on Petri dishes and differentiation to
macrophages for 5-10 days.

Cell lines

Fmrl / mouse embryonic fibroblasts (MEF) were generated in Dr.
David Nelson’s laboratory (Baylor College of Medicine, Houston,
Texas). HEK293T, Jurkat (human T lymphocytes), and L-929
(mouse fibroblasts) cells were obtained from ATCC. Cells were
cultured in RPMI or DMEM supplemented with 10% heat-
inactivated FBS and %1 P/S cocktail. Cells were cultured in a
humidified CO2 incubator at 37°C. All cells were regularly tested for
mycoplasma contamination.

© 2022 The Authors
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Transfection

60-80% confluent HEK293T, WT or Fmrl / MEF cells were trans-
fected using Lipofectamine 3000 or Polyethylemine (PEI). BMDM
and HEK293T cells were electroporated either with IRE1-, Fmrl-
(100 nM), or control-siRNA using Neon electroporator (Thermo
Scientific) as per specific conditions provided by the manufacturer
and as described earlier {Tufanli et al, 2017). 24-36 h after transfec-
tion, cells were treated with PA or TG to induce ER stress.

Palmitate (PA)/bovine serum albumin (BSA) complex preparation

PA was dissolved in absolute ethanol to yield a stock concentration
of 500 mM and stored at —80°C. Stock PA was diluted to working
concentration and suspended with %1 fatty acid-free BSA in serum-
free RPMI growth medium by mixing at 55°C for 15 min as
described before (Erbay et al, 2009).

Western blot analysis

Cells were lysed in lysis buffer (50 mM HEPES pH:7,9, 100 mM
NaCl, 10 mM EDTA,10 mM NaF, 4 mM NaPP, 1% Triton, 1 mM
phenylmethanesulfonylfluoride {(PMSF), 1x phosphatase inhibitor
cocktail 3 and 1x (10 uM) protease inhibitor cocktail as described in
(Cimen et al, 2016b). After centrifugation, clear lysates were mixed
with sodium dodecyl sulfate (SDS) loading dye and heated at 95°C
for 5 min before loading on SDS—polyacrylamide gel (SDS-PAGE)
gels. After separation according to protein molecular weights on
these gels, samples were transferred to polyvinylidene difluoride
(PVDF) membrane. Blocking and antibody incubation of the
membranes were carried out in tris-buffered saline {TBS) buffer
prepared with 0.1% Tween-20 (v/v) and 5% (w/v) dry milk or
BSA. ECL prime reagent was used to develop the membranes, and
images were captured with ChemiDoc (BioRad).

Antibody dilutions

Anti-pIRE1 1:2,000, anti-FMRP 1:2,000, anti-LRP1 1:5,000, anti-1L-1
beta 1:500, Anti-pro Caspasel +pl0 +pl2 1:2,000, anti-
Thiophosphate ester 1:5,000, anti-pFMRP (phosphor-$499) 1:2,000,
anti-IRE1 1:2,000, anti-ABCA1 1:1,000, anti-ABCG1 1:1,000, Anti-
MERTK 1:1,000, anti-B-Actin-horse radish peroxidase 1:5,000,
Secondary IgG-Goat 1:10,000, Secondary IgG-Rabbit 1:10,000,
Secondary-1gG-Mouse 1:10,000.

RNA isolation and quantitative reverse transcription polymerase
chain reaction (QRT-PCR)

Total RNA was isolated using TRIsure. RNA extractions were than
reverse transcribed by using Revert Aid First strand cDNA synthesis
kit to complementary deoxyribonucleic acid {cDNA) according to
manufacturer’s protocol. Using specific primers, cDNAs were ampli-
fied on Rotor Gene (Qiagen). Power-Up-SYBR green (Applied
Biosystems, A25742) was used for qRT-PCR reaction. The following
PCR primers were used for mRNA expression analysis:

mmu-Fmrl-F 5 CCGAACAGATAATCGTCCACG 3/

mmu-Fmrl-R & ACGCTGTCTGGCTTTTCCTTC 3/

mmu-Abcal-F 5 AAAACCGCAGACATCCTTCAG 3/

mmu-Abcal-R 5 CATACCGAAACTCGTTCACCC 3/

EMBO Molecular Medicine €15344 2022 15 of 22
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from Jackson Lab (004781) to obtain myeloid Fmrl-deficient
{myFmrl /"y mice.

Starting at 8 weeks of age, Fmrl™", Fmrl / , myFmr1™/*, or
myFmrl / mice were injected with 1 x 10'° AAV_PCSK9
(AAV8-D377Y-mPCSK9, Vector BiolabsAAV-268246) via tail vein,
then fed with normal chow or high cholesterol/high fat
atherosclerotic mouse diet from Envigo (TD.88137) for 6-
16 weeks. Apoe / mice were fed with WD (12 weeks) and
intraperitoneally injected with vehicle (DMSO) or AMG-18
(30 mg/kg) once or twice a day in the last 4 weeks of WD.
CS57BL/6 were injected with Tunicamycin (TM, 1 mg/kg) and
with AMG-18 (30 mg/kg) or vehicle (DMSO) in 20% vol/vol
Cremophor EL saline solution, as described in (Tufanli et al,
2017). Eight hours later, peritoneal macrophages were isolated by
thioglycolate elicitation for further analysis.

/4

Husbandry conditions and study approval

Mice were kept under specific pathogen-free conditions with food
and water ad libititum. Both female and male mice were used for
experiments. All animal experiments were performed according to
protocols approved by the Experimental Animal Ethical Care
Committees at Bilkent University, Ankara, Turkey or Cedars Sinai
Medical Center, Los Angeles, USA or the University of Ottawa
Animal Care Committee, Ottawa, ON K1N 6N5, Canada.

Macrophage isolation

Peritoneal macrophages

3% thioglycolate solution was injected to mice intraperitoneally and
peritoneal macrophages were collected 4 days after by washing the
peritoneal cavity with ice-cold PBS (10 ml) as described before
(Zhang et al, 2008; Onat et al, 2019). Cells were centrifuged at 500 g
for 5 min at 4°C and resuspended in RPMI medium in cell culture
plates. Macrophages were incubated at 5% carbon dioxide incubator
at 37°C for 30 min to attach and non-adherent cells were removed
along with media. Cells were rinsed with PBS and used for protein
isolation or RNA isolation.

Bone Marrow-Derived Macrophages (BMDM)

Bone marrows were collected form the tibia and femurs of mice into
RPMI containing 1% Penicillin/streptomycin (P/S) cocktail as previ-
ously described (Tufanli et af, 2017). After filtering through a cell
strainer (BD, 352350), cells were centrifuged at 500 g for 5 min and
resuspended in RPMI enriched with 20% 1929 cells conditioned
medium, 10% heat-inactivated fetal bovine serum (FBS), and 1% P/
S cocktail, followed by growth on Petri dishes and differentiation to
macrophages for 5-10 days.

Cell lines

Fmrl / mouse embryonic fibroblasts (MEF) were generated in Dr.
David Nelson’s laboratory (Baylor College of Medicine, Houston,
Texas). HEK293T, Jurkat (human T lymphocytes), and L-929
(mouse fibroblasts) cells were obtained from ATCC. Cells were
cultured in RPMI or DMEM supplemented with 10% heat-
inactivated FBS and %1 P/S cocktail. Cells were cultured in a
humidified CO2 incubator at 37°C. All cells were regularly tested for
mycoplasma contamination.
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Transfection

60-80% confluent HEK293T, WT or Fmrl / MEF cells were trans-
fected using Lipofectamine 3000 or Polyethylemine (PEI). BMDM
and HEK293T cells were electroporated either with IRE1-, Fmrl-
(100 nM), or control-siRNA using Neon electroporator (Thermo
Scientific) as per specific conditions provided by the manufacturer
and as described earlier {Tufanli et al, 2017). 24-36 h after transfec-
tion, cells were treated with PA or TG to induce ER stress.

Palmitate (PA)/bovine serum albumin (BSA) complex preparation

PA was dissolved in absolute ethanol to yield a stock concentration
of 500 mM and stored at —80°C. Stock PA was diluted to working
concentration and suspended with %1 fatty acid-free BSA in serum-
free RPMI growth medium by mixing at 55°C for 15 min as
described before (Erbay et al, 2009).

Western blot analysis

Cells were lysed in lysis buffer (50 mM HEPES pH:7,9, 100 mM
NaCl, 10 mM EDTA,10 mM NaF, 4 mM NaPP, 1% Triton, 1 mM
phenylmethanesulfonylfluoride {(PMSF), 1x phosphatase inhibitor
cocktail 3 and 1x (10 uM) protease inhibitor cocktail as described in
(Cimen et al, 2016b). After centrifugation, clear lysates were mixed
with sodium dodecyl sulfate (SDS) loading dye and heated at 95°C
for 5 min before loading on SDS—polyacrylamide gel (SDS-PAGE)
gels. After separation according to protein molecular weights on
these gels, samples were transferred to polyvinylidene difluoride
(PVDF) membrane. Blocking and antibody incubation of the
membranes were carried out in tris-buffered saline {TBS) buffer
prepared with 0.1% Tween-20 (v/v) and 5% (w/v) dry milk or
BSA. ECL prime reagent was used to develop the membranes, and
images were captured with ChemiDoc (BioRad).

Antibody dilutions

Anti-pIRE1 1:2,000, anti-FMRP 1:2,000, anti-LRP1 1:5,000, anti-1L-1
beta 1:500, Anti-pro Caspasel +pl0 +pl2 1:2,000, anti-
Thiophosphate ester 1:5,000, anti-pFMRP (phosphor-$499) 1:2,000,
anti-IRE1 1:2,000, anti-ABCA1 1:1,000, anti-ABCG1 1:1,000, Anti-
MERTK 1:1,000, anti-B-Actin-horse radish peroxidase 1:5,000,
Secondary IgG-Goat 1:10,000, Secondary IgG-Rabbit 1:10,000,
Secondary-1gG-Mouse 1:10,000.

RNA isolation and quantitative reverse transcription polymerase
chain reaction (QRT-PCR)

Total RNA was isolated using TRIsure. RNA extractions were than
reverse transcribed by using Revert Aid First strand cDNA synthesis
kit to complementary deoxyribonucleic acid {cDNA) according to
manufacturer’s protocol. Using specific primers, cDNAs were ampli-
fied on Rotor Gene (Qiagen). Power-Up-SYBR green (Applied
Biosystems, A25742) was used for qRT-PCR reaction. The following
PCR primers were used for mRNA expression analysis:

mmu-Fmrl-F 5 CCGAACAGATAATCGTCCACG 3/

mmu-Fmrl-R & ACGCTGTCTGGCTTTTCCTTC 3/

mmu-Abcal-F 5 AAAACCGCAGACATCCTTCAG 3/

mmu-Abcal-R 5 CATACCGAAACTCGTTCACCC 3/
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mmu-Abcgl-F 5 GGTCCTGACACATCTGCGAA 3/
mmu-Abcgl-R 5 CAGGACCTTCTTGGCTTCGT 3/
mmu-Mertk-F 5 CAGGGCCTTTACCAGGGAGA 3/
mmu-Mertk-R 5 TGTGTGCTGGATGTGATCTTC 3’
mmu-Lrpl-F 5§ GCCTACACCTGGAGAGATAGC 3
mmu-Lrpl-R 5 GGCAACTTACGAGCAGGCT 3’
mmu-Cd36-F 5 GTGCTCTCCCTTGATTCTGC 3/
mmu-Cd36-R 5 CTGCACCAATAACAGCTCCA 3
mmu-Cd47-F 5 TGGTGGGAAACTACACTTGCG 3/
mmu-Cd47-R 5 CGTGCGGTTTTTCAGCTCTAT 3
mmu-Calr-F 5 GCAGACCCTGCCATCTATTTC 3/
mmu-Calr-R 5 TCGGACTTATGTTTGGATTCGAC 3’
mmu-Racl-F 5 ATGCAGGCCATCAAGTGTG 3
mmu-Racl-R 5 TAGGAGAGGGGACGCAATCT 3’
mmu-IL-18 -F 5 CAACCAACAAGTGATATTCTCCATG 3
mmu-IL-1B -R 5 GATCCACACTCTCCAGCTGCA 3/
mmu-Gapdh-F 5 ATTCAACGGCACAGTCAAGG 3’
mmu-Gapdh-R 5 TGGATGCAGGGATGATGTTC 3
The following primers were used to introduce site-directed muta-
genesis on FMRP plasmids:
S500A-F 5 GCATCAAATGCTGCTGAAGCAGAAGCTGACCACAGAG
AC 3
S500A-R- 5 GTCTCTGTGGTCAGCTTCTGCTTCAGCAGCATTTGAT
GC 3’
$500-T502-S504A-F 5 GCATCAAATGCTGCTGAAGCAGAAGCTGA
CCACAGAGAC 3/8500-T502-S504A-R 5 GTCTCTGTGGTCAGCTT
CTGCTTCAGCAGCATTTGATGC 3/

Identifying phosphorylation sites on hFMRP using
Mass spectrometry

Two in vitro kinase reactions of hFMRP and ERN1, worth 4.5 pg
protein each were methanol-chloroform precipitated (Wessel &
Fligge, 1984). Dried pellets were dissolved in either [1] 8 M urea/
100 mM triethylammonium bicarbonate (TEAB, Thermo Scientific
90114), pH 8.5, or [2] 100 mM ammonium acetate (Sigma-Aldrich
A1542), with or without 8 M urea. Proteins were reduced with
5 mM tris(2-carboxyethyl) phosphine hydrochloride (TCEP-HCI,
Thermo Scientific C€4709) and alkylated with 10 mM 2-
chloroacetamide (Sigma-Aldrich 22790). Proteins dissolved in urea/
TEAB were digested at 37°C in 0.8 M urea/100 mM TEAB, pH 8.5,
sequentially with 500 ng Trypsin (Promega V5117) for 17 h,
followed by 500 ng Endoproteinase GluC (NEB P8100S) for 4.5 h
and quenched with formic acid, 5% final concentration, while
proteins dissolved in urea/TEAB or urea/ammonium acetate were
digested with 200 ng Proteinase K (Sigma-Aldrich P2308) at 37°C
for 30 min and heat quenched at 90°C for 15 min (similar reactions
in ammonium acetate without urea were performed for 30 min or
15 min followed by 16 h digestion with trypsin) (Baboo et al, 2021).
The digest was injected directly onto a 20 cm, 100 pm 1D column
packed with BEH 1.7 pm C18 resin (Waters 186005225). Samples
were separated at a flow rate of 400 nl/min on an nLC 1000
(Thermo LC120). Buffer A and B were 0.1% formic acid in 5%
acetonitrile and 0.1% formic acid in 80% acetonitrile, respectively.
A gradient of 1-25% B over 110 min, an increase to 40% B over
next 20 min, an increase to 90% B over another 10 min, and a hold
at 90% B for the final 10 min were used for a total run time of
140 min. The column was re-equilibrated with 20 pl of buffer A
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prior to the injection of sample. Peptides were eluted directly from
the tip of the column and nano-sprayed into the mass spectrometer
by application of 2.8 kV voltage at back of the column. The Orbitrap
Fusion Lumos (Thermo) was operated in data-dependent mode. Full
MS1 scans were collected in the Orbitrap at 120K resolution with a
mass range of 400-1,500 m/z and an AGC target of 4e5. The cycle
time was set to 3 s, and within these 3 s, the most abundant ions
per scan were selected for CID MS/MS in the ion trap with an AGC
target of 2e4 and minimum intensity of 5,000. Maximum fill times
were set to 50 and 35 ms for MS and MS/MS scans, respectively.
Quadrupole isolation at 1.6 m/z was used, monoisotopic precursor
selection was enabled, charge states of 2-7 were selected, and
dynamic exclusion was used with an exclusion duration of 5 s.
Samples were also analyzed with HCD fragmentation (35 NCE) and
detection at 7,500 resolution.

Protein and peptide identification were done with Integrated
Proteomics Pipeline—IP2 (Integrated Proteomics Applications).
Tandem mass spectra were extracted from raw files using RawCon-
verter (He et al, 2015) and searched with ProLuCID (Xu et al, 2015)
against a concatenated database comprising of amino acid
sequences from vendors for FMRP, hERN1, and Endoproteinase
GluC, UniProt reference proteome of Escherichia coli K12
{UP000000625) Homo sapiens (UP000005640). The search space
included all fully tryptic and half-tryptic peptide candidates (no
enzyme specificity for sample treated with Proteinase X).
Carbamidomethylation (+57.02146) was considered a static modifi-
cation on cysteine, and phosphorylation {(+79.966331) was consid-
ered a differential modification on serine/threonine/tyrosine. Data
were searched with 50 ppm precursor ion tolerance and 500 ppm
fragment ion tolerance. Identified proteins were filtered to using
DTASelect (Tab b et al, 2002) and utilizing a target-decoy database
search strategy to control the false discovery rate at 1%, at the spec-
trum level (Peng et al, 2003). A minimum of 1 peptide per protein
and 1 tryptic end per peptide (no tryptic ends in case of Proteinase
K treatment) were required and precursor delta mass cut-off was
fixed at 10 ppm. Localization scores were assigned to identified sites
of phosphorylation using A-Score (Beausoleil et al, 2006).

Co-immunoprecipitation and kinase assay

Co-immunoprecipitation

HEK293T cells were co-transfected with IRE1 and FMRP plasmids
for 24 h followed by TG (600 nM) or TM (1 pg/ml) for 2 h. Equal
amounts of protein lysates were precipitated with specific antibodies
(anti-IRE1 1:250 and anti-FMRP 1:250) at 4°C overnight on a rocker.
Protein magnetic beads were added to each sample and incubated at
4°C for overnight. Immunoprecipitates were then analyzed by
Western blot.

Kinase assay

HEK293T cells were transfected with either with WT- or KD-IRE1
plasmids for 24 h, followed by TG (600 nM) for 2 h for IRE1 activa-
tion. Equal amounts of protein lysates were then precipitated with
specific IRE1 antibody-coated magnetic beads at 4°C overnight on a
rocker. Immunoprecipitates were incubated at 30°C for 45 min in
kinase assay buffer (SignalChem X01-09) with specific ATP
analogue (ATP-y-S, 100 uM) and purified hFMRP protein. p-
Nitrobenzyl mesylate (PNBM) and 0.5 M ETDA solution were added
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to reaction after 45 min and incubated for additional 2 h at RT to
alkylate the kinase substrate. Samples were boiled with SDS-PAGE
loading dye at 95°C for 5 min to release the proteins from magnetic
beads. Beads were separated using magnetic rack and supernatants
were analyzed by Western blot.

Kinase assay for phospho-proteomics

Recombinant active IRE1 (500 ng) and FMRP (500 ng) proteins
were incubated in kinase buffer at 30°C for 45 min with ATP-y-S
(100 pM). Samples were then incubated at 24°C for 1 h with PNBM
(2.5 mM). Samples were boiled in SDS loading buffer at 95°C and
loaded to SDS-PAGE. Anti-thiophosphate ester antibody was used
to detect alkylated kinase substrate.

Polysome fractionation

Polysome fractionation protocol was adapted from Stastna et al
(Stastna et al, 2018). Briefly, Fmrl** and Fmrl / BMDM were
treated with PA (500 pM) for 6 h followed by cycloheximide
(100 pg/ml) for 10 min prior to lysis with buffer {100 mM KCl,
20 mM Tris pH 7.5, 5 mM MgCl,, 0.4% NP-40, 100 pg/ml cyclohex-
imide, 0.1 U RNase inhibitor and protease inhibitor cocktail). Clear
lysates were loaded to 10-50% sucrose gradient (in Beckman Coul-
ter Thinwall, Ultra-Clear tubes, 344059) and centrifuged (in Beck-
man LE-80K) for 120 min at 28,4061 g at 4°C in a swinging bucket
rotor (Beckman SW41) with no-brake. Each gradient was collected
as 17 fractions in microcentrifuge tubes with continuous monitoring
of absorbance at 254 nm {Biologic LP (pump), Biorad 731-8300;
BioFrac, Biorad 741-0002) and frozen immediately at —80°C for
further analysis.

Cholesterol efflux and foam cell formation assays

Cholesterol efflux assay

Efflux assay were performed according to manufacturer’s instructions
(ab196985). Briefly, macrophages were pre-loaded with fluorescently
labeled cholesterol for 16 h in RPMI media including ACAT inhibitor
(5 mg/ml), followed by incubation in efflux medium including
cholesterol acceptors apolipoprotein Al {APOA1; 25 pg/ml) or high-
density lipoprotein (HDL; 50 ng/ml) for 6 h. % Efflux was calculated
as cholesterol signal in medium/cholesterol signal in medium
and cell.

In vitro foam cell formation assay

BMDM were incubated with RPMI containing dil-labeled ac-LDL
(25 pg/ml), 10% lipoprotein-deficient serum, and 20% r-Glutamine
for 24 h. After cholesterol loading, cells were rinsed with PBS and
collected in 2% BSA in PBS. Flow cytometry was performed on a
BD Fortessa using FACSDiva software with single stain compensa-
tion controls acquired on the same day.

In vivo foam cell formation assay

Fmrl™* and Fmrl / mice were injected with a gain-of-function
mutant (D377Y) of proprotein convertase subtilisin kexin 9
(PCSK9)-encoding adeno-associated virus (AAV_mPCSK9) and fed
with 16 weeks of WD to induced hypercholesterolemia. Apoe /
mice were fed with 12 weeks of WD with 4 weeks of AMG-18
(30 mg/kg, once a day) injection during the last 4 weeks of WD.
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The peritoneal macrophages were collected and assessed for lipid
accumulation by Oil-Red O and Hematoxylin staining.

Reverse cholesterol transport (RCT) assay

Preparation of radiolabel cholesterol

Ag-LDL (50 pg/ml, made in house with endotoxin-free LDL isolated
from human plasma) and [*H]-cholesterol (5 pCi/ml) were incu-
bated for 1 h at 37°C in a sterile endotoxin free bottle.

RCT assay

Fmrl*/* and Fmrl / BMDM were incubated with radiolabeled ag-
LDL for 30 h followed by warm HBSS wash and equilibration in
2 mg/ml fatty acid-free BSA overnight. Cells were washed twice in
ice cold HBSS and incubated with EDTA (5 mM) for 20 min at 4°C
and spun down at 200 g for 5 min. Cells were resuspended in ice
cold DMEM and injected into C57BL6N mice subcutaneously in the
scruff of the neck. Blood was collected at 24 h via the saphenous
vein and at 48 h via cardiac puncture of anesthetized mice. Plasma
was used for liquid scintillation counting. At 48 h, livers were
removed for scintillation counting. Feces were collected over a 48-h
period, and total feces radioactivity was measured. All [*H]-tracer
measurements are expressed relative to the injected amount.

In vitro and in vivo efferocytosis

Induction of apoptosis and labeling of jurkat cells

Jurkat cells were fluorescently labeled with CellTrace CSFE or Violet
(2 pM) in PBS for 20 min. Cells were then washed ones with PBS
and seeded in conditioned DMEM medium followed by irradiation
under a 254 nm UV lamp for 5 min. Cells were incubated under
normal cell culture conditions for 34 h. Apoptosis was confirmed
by Anexin V' staining (minimum 85% Annexin V™ cells). The apop-
totic cells {ACs) were centrifuged at 500 g for 5 min and resus-
pended in conditioned DMEM for experiments.

In vitro efferocytosis

Bone marrow-derived macrophages were plated in six-well dishes at
a density of 0.5 x 10° cells per well. CSFE-labeled ACs were incu-
bated with the macrophages for 2-4 min at a 5:1 AC:macrophage
ratio followed by washing three times with PBS. Some groups of
macrophages were then incubated for another 2 h in normal cell
culture media, followed by the addition of Violet-labeled ACs. After
2 h, macrophages were washed three times with PBS to remove
unbound ACs, and then the macrophages were fixed with 4%
formaldehyde for 20 min, rinsed three times with PBS, blocked by
TruStain FcX™ (anti-mouse CD16/32) for 10 min and then stained
with PE-F4/80 o/n. The percentage of PE-F4/80" and CFSE" double
positive cells to total PE-F4/80" cells was reported as % efferocyto-
sis and PE-F4/80", CFSE' and Violet" triple positive cells to PE-F4/
80" and CFSE" double positive cells was reported as % continuous
efferocytosis.

In vivo efferocytosis

Fmr1** or Fmrl / mice were fed with WD for 16 weeks and
injected with 1 x 10° CFSE-labeled ACs and 1.5 h later subsequently
peritoneal lavages were collected and stained for PE-F4/80" resident
macrophages. The percentage of PE-F4/80" and CFSE' double
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positive cells to total PE-F4/80" cells was reported as % efferocyto-
sis. Another group of C57BL/6 was injected with AMG-18 (30 mg/
kg) or vehicle (DMSO). After 8 h both groups were interp
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injected with CFSE-labeled ACs and 1.5 h later peritoneal Iavags
were collected and cultured for 30 min to allow cells to attach.
Macrophages were washed three times with PBS to remove
unbound ACs, and then the macrophages were fixed with 4%
formaldehyde for 20 min, rinsed three times with PBS, blocked by
TruStain FcX™ (anti-mouse CD16/32) for 10 min, and then stained
with PE-F4/80 o/n. The percentage of F4/80" and CFSE® double
positive cells to total F4/80" cells was reported as % efferocytosis.

En face Oil-Red O staining

Aortas opened longitudinally were rinsed with 60% isopropanol for
1 min, stained with Oil-Red O solution for 20 min, and then
distained in 60% isopropanol for 1 min and rinsed in PBS. The
lesion area was quantitated as percent of Oil-Red O staining area in
total aorta area.

Immunohistochemistry

7-um-thick aortic root cryosections (from OCT embedded heart
tissue) were stained with antibodies for: anti-MOMA-2 (1:500) and
anti-o-SMA (1:500) and images were captured with fluorescent micro-
scope. Cryosections were stained with Masson’s Trichrome, TUNEL,
Hematoxylin and Eosin (H&E) according to manufacturer’s instruc-
tions. Cryosections were stained with H&E for morphometric lesion
analysis. The total lesion area and necrotic area were quantified as
previously described from 4 sequential sections (60 uM apart, begin-
ning at the base of the aortic root) as previously described (Cimen
et al, 2016b). Foam cell area was calculated from Oil-Red O stained 4
sequential sections (60 pM apart, beginning at the base of the aortic
root) and collagen content from Masson’s Trichrome stained sections
using ImageJ as prevnously described (Cimen et al, 2016b).

The fl ent ainings were carried out on cryosec-
tions that were fixed in cold acetone for 10 min, blocked in goat
serum/BSA/PBS as previously described. All stained sections were
mounted with fluoroshield mounting reagent with DAPI. Fluores-
cent signal calculations: (i) TUNEL staining: the sections were
double stained with MOMA-2 to mark the macrophage-enriched
area. The Mean Fluorescent Intensity (MFI) corresponding to
primary antibody signal was calculated from the MOMA-2-positive
area. The background fluorescence of the non-stained area inside
the lesion was subtracted from the total MFI corresponding to each
signal (i) «-SMA staining: a-SMA positive area was calculated from
the plaque area. The background fluorescence of the non-stained
area inside the lesion was subtracted from the total MFI correspond-
ing to each signal. Data were quantified as total MFI signal
compared with baseline (Cimen et al, 2016b; Tufanli et al, 2017).

\poptosis d ion by flow cy y
Apoptosis was induced after treatments by PA (500 pM) treatment
for 12 h. Fc receptors were blocked by pre-incubating cells with
0.25 pg of TruStain FcX™ PLUS (anti-mouse CD16/32) Antibody per
10° cells for 5-10 min on ice. Cells were then incubated with PI on
ice for 20 min in the dark followed by 2x with 2 ml of cell staining
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A maladaptive i esp to lipid imbalance drives atheroscle-
rosis. Lipid accumulation in plaque-infiltrating macrophages stresses
the ER and promotes atherosclerosis progression. Alleviating ER stress
by modulating IRE1 reduces atherosclerosis in a murine model.
However, whether IRE1 kinase activity contributes to the atheroscle-
rotic process has remained elusive. Targeting chronic ER stress in
ather is challenging due to the ial cellular hy i

functions governed by IRE1. A meticulous exploration of IRE1 kinase
function in macrophages and mechanistically authenticated IREL
kinase substrate(s) can develop into novel therapeutic approaches in
atherosderosis.

Results

Here, we identify FMRP as a kinase substrate of IREL We show that
IRE1 kinase activation leads to FMRP phosphorylation and suppres-
sion of phage chol | efflux and cell clearance in
a mouse model of atherosderosis.

Impact

Altogether, our findings provide mechanistic insight into the transla-
tional regulation of cholesterol efflux and efferocytosis in ER-stressed
macrophages and hlghllght IRE1 kinase domaln and its effector,
FMRP, as novel therapeutic targets for

buffer. Cells were resuspended in 500 pl of cell staining buffer and
analyzed on a BD Fortessa using FACSDiva software with single
stain compensation controls acquired on the same day. Data were
analyzed using FlowJo analysis software (FlowJo, LLC).

Flow cytometric analysis of peripheral blood

100 pl of blood was collected in EDTA-coated tubes and red blood
cells were removed by incubation (3x) in Ammonium-Chloride-
Potassium (ACK, Thermo Fisher A1049201) solution for 5 min at
room temperature. Peripheral blood mononuclear cells were then
resuspended in FACS buffers (2% BSA in PBS) and incubated for
20 min on ice with the following antibodies: anti-CD45-Pac. Blue
(clone 30-F11), CD3e-PE (Clone 145-2C11), CD11b-APC (Clone M1/
70), CD19-BV650 (Clone 6D5), Ly6C-PE/Dazzle (Clone HK1 4), and
Ly6G-PerCP Cy5.5 (1A8) in 1:100 dilution ratio. Stained samples
were washed once and ded in FACS buffer containing DAPI
(4 pg/ml). Flow cytometry was performed on a BD Fortessa using
FACSDiva software with single stain compensation controls
acquired on the same day. Data were analyzed using FlowJo analy-
sis software (FlowJo, LLC). All antibodies were purchased from
Biolegend (San Diego, CA) and used at the manufacturer's recom-
mended concentrations.

Plasma lipids and lipoprotein analysis

Plasma was analyzed by FPLC in the Department of Internal Medi-
cine/Lipid Science, Wake Forest University School of Medicine
Winston-Salem, NC 27019 as described (Cimen et al, 2016b). The
total cholesterol and triglyceride measurement were performed
using WAKO Cholesterol E kit according to the manufacturer’s
instructions.
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Statistics

Results are reported as mean + SEM and statistical significance was
determined with Unpaired ttest with Welch’s or Mann-Whitney
correction test by GraphPad Software, LLC.

Data availability

All data are available in the main text or the supplementary materi-
als. Research materials used in the article can be requested from
authors. The mass spectrometry proteomics data have been depos-
ited to the ProteomeXchange Consortium (Deutsch et al, 2020) via
the PRIDE (Perez-Riverol et al, 2016, 2019) partner repository with
the dataset identifier PXD030594 (http://www.ebi.ac.uk/pride/
archive/projects/PXD030594).

Expanded View for this article is available online.
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ABSTRACT

Objective: Saturated and trans fat consumption is associated with increased cardiovascular disease (CVD) risk. Current dietary guidelines
recommend low fat and significantly reduced trans fat intake. Full fat dairy can worsen dyslipidemia, but recent epidemiological studies show full-
fat dairy consumption may reduce diabetes and CVD risk. This dairy paradox prompted a reassessment of the dietary guidelines. The beneficial
metabolic effects in dairy have been claimed for a ruminant-derived, trans fatty acid, frans-C16:1n-7 or trans-palmitoleate (trans-PAQ). A close
relative, cis-PAO, is produced by de nowo lipogenesis and mediates inter-organ crosstalk, improving insulin-sensitivity and alleviating athero-
sclerosis in mice. These findings suggest trans-PAQ may be a useful substitute for full fat dairy, but a metabolic function for frans-PAQ has not
been shown to date.

Methods: Using lipidomics, we directly investigated trans-PAQ's impact on plasma and tissue lipid profiles in a hypercholesterolemic
atherosclerosis mouse model. Furthermore, we investigated trans-PAO’s impact on hyperlipidemia-induced inflammation and atherosclerasis
progression in these mice.

Results: Oral frans-PAQ supplementation led to significant incorporation of trans-PAQ into major lipid species in plasma and tissues. Unlike cis-
PAO, however, trans-PAO did not prevent organelle stress and inflammation in macrophages or atherosclerosis progression in mice.
Conclusions: A significant, inverse correlation between circulating trans-PAO levels and diabetes incidence and cardiovascular mortality has
been reported. Our findings show that trans-PAO can incorporate efficiently into the same pools that its cis counterpart is known to incorporate

into. However, we found trans-PAQ's anti-inflammatory and anti-atherosclerotic effects are muted due to its different structure from cis-PAO.
© 2019 The Authors. Published by Blsevier GmbH. This is an open acoss aticle under he CC BY lcense (MY /Cratvecommons orgicenses by 4 (V).

Keywords Lipid-induced inflammation; Lipokines; Paimitoleate; Ruminant trans-fatty acids; Organelle stress; inflammasome; Atherosclerosis

1. INTRODUCTION isomers can be obtained from a variety of dietary sources and they

could have divergent metabolic effects [10]. One example is trans-

Diet is a significant modifier of cardiovascular (CVD) and diabetes risk.
The health effects of dietary fats are researched extensively and
findings from these studies have been shaping the dietary guidelines.
Compelling evidence suggests that a significant reduction in CVD risk
can be achieved by replacing saturated fatty acids (SFA) with mono- or
poly-unsaturated fatty acids (MUFA or PUFA, respectively) [1]. More-
over, studies consistently associate industrial trans fatty acids (TFA),
fatty acid isoforms bearing a trans configuration at the double bond,
with a higher CVD risk [2—4]. Industrial TFA has also been linked to
other complex diseases like diabetes, fatty liver disease, stroke, Alz-
heimer's disease, and cancer [3,5-9]. These negative associations
have led to the assumption that TFA intake, regardless of its source
and type, increases disease risk. However, different TFA subtypes or

palmitoleate (trans-16:1n-7 or trans-PAQ), a naturally-occurring TFAin
full fat dairy, which has been associated with beneficial metabolic
effects [11-—13). Increased circulating ruminant-derived trans-PAQ
levels mostly reflect dairy fat consumption, which has been associated
with lower blood glucose levels, increased insulin sensitivity and
overall a lower risk of type Il diabetes [13,14]. More recently, frans-
PAO was associated with improved lipid profiles and lower CVD
mortality and sudden cardiac death risk [4]. However, the notion that
trans-PAO represents a beneficial type of frans-fat remains highly
controversial and requires direct experimental evidence [11-13,15—
17). While trans-PAO’s role in CVD is debated, its cis isoform has been
associated with beneficial metabolic changes in humans and these
metabolic benefits have been experimentally demonstrated in mice
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[18—24). Cil ing cis-PAO produced by de nowo lipogenesis (DNL)
from the adipose has been shown to mediate inter-organ communi-
cation [25). The beneficial metabolic effects of cis-PAQ in high fat-fed
mice include increased insulin sensitivity, suppressed hepatic gluco-
i inflammation and atherosclerosis
[12,19,20,22,23,25]. It remains to be demonstrated that the two
isomers of PAO impact immune-metabolic homeostasis and athero-
sclerosis in the same way.

The primary impact of cis-PAO on atherosclerosis appears to be
mediated by its anti-inflammatory actions and especially through
preventing inflammasome activation [23]. Driven by hyperlipidemia,
atherosclerosis is a chronic inflammatory disease impacting the
blood vessel walls [26,27). Activation of the Nod-like receptor
family, pyrin domain-containing 3 (NLRP3) inflammasome complex
in macrophages by cholesterol crystals or saturated fatty acids
(SFA), which can be found in these lesions, plays a crucial role in
driving a chronic inflammatory response and atherogenesis (28—
30]. The inflammasome complex consists of NACHT, LRR, and

vy
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PERK prevents inflammasome activation and atherosclerosis in mice
[36,49,50]. IRE1 and PERK ams have been shown to contribute to
inflammasome activation by propagating mitochondrial oxidative
stress and mtROS release [36,49]. Oral supplementation with cis-PAQ
inhibits both hyperlipidemia-induced UPR signaling and NLRP3
inflammasome activation in macrophages in plaques, resulting in
reduced atherosclerosis in mice. Mechanistically, cis-PAO supple-
mentation leads to dynamic integration of this bicactive fatty acid into
ER membranes in macrophages and tissues in mice, and prevents high
fat-induced adverse remodeling of organelle membranes and subse-
quent UPR activation [23].

These findings have Ited in a great that dietary sup-
plementation with cis-PAO could prevent CVD. Moreover, recent hu-
man epidemiological studies suggest frans-PAO could mediate the
beneficial metabolic effects that are associated with high fat dairy
consumption. To date, there is no information about trans-PAO's
impact on organelles or inflammation [11-13]. Here, we directly
investigated trans-PAQ's impact on lipid-induced inflammation and

PYD domains—containing protein (NALP), apop

in a hypercholesterolemic mouse model. Oral sup-

speck-like protein containing a caspase-1 recruitment domain
(ASC), and caspase-1. Their assembly results in proteolytic cleavage
of dormant pro-caspase-1 into active caspase-1, which fransforms
the precursors forms of IL-1f and IL-18 into mature and bioactive
cytokines [23,29,31). These cytokines can recruit innate immune
cells to the site of infection and modulate adaptive immune cells to
drive atherogenesis [31). Cis-PAO can effectively reduce IL-18 and
IL-18 in hyperlipdemic mice [23].

Inflammasome activation can occur in response to organelle stress
such as endoplasmic reficulum (ER) and mitochondrial stress. ER
stress can be triggered by disruption of ER functions (such as protein
folding and calcium homeostasis), but also by excessive lipid flux (such
as cholesterol or saturated fatty acids) into cells [32—-35). ER stress
activates the inflammasome through various mechanisms including
mobilization of infracellular calcium and the release of reactive oxygen
species [23,36]. Moreover, ER stress propagates mitochondrial
oxidative stress and induces mitochondrial ROS (mtROS) p ion. In

plementation with trans-PAQ in mice resulted inits dynamic integration
into the major lipid species found in plasma and tissues. Trans-PAQ
supplementation did not prevent nor augment lipid-induced ER
stress, inflammasome activation and lerosis. These findi
demonstrate that the cis double bond configuration is crucial for PAO's
ability to remodel ER membranes and prevent organelle stress and
inflammation, which underlies cis-PAQ's atheroprotective action.
Therefore, our findings on the two PAO isoforms provide critical
guidance for future clinical trials that will continue to address PAO's
potentia for OVD prevention in humans.

2. MATERIALS AND METHODS

2.1. General study design

All cell culture experiments were performed as three independent
biological replicates. Quantitative reverse ftranscript polymerase
chain ion (gRT-PCR) lysis was performed from four bio-

most metabolic stress conditions, ER and mitochondrial oxidative
stress are intertwined and propagate each other [32,37). Just like
inflammasome activation, stress in these two organelles plays a causal
role in atherosclerosis [23,29,30,36,38,39).

In response to ER stress, an elaborate, adaptive signaling is initiated
from ER membranes, known as the Unfolded Protein Response (UPR),
to re-establish homeostasis in the ER. Three UPR signaling branches
are iniiated by the ER sitress sensors known as inositol-requiring
enzyme-1 (IRE1), protein kinase RNA-like endoplasmic reticulum ki-
nase (PERK) and activating transcription factor-6 (ATF6). UPR initiates a
gene expression program that up-regulates the expression of chap-
erones and components of the ER-associated degradation pathway to
promote protein folding or to remove misf proteins, respectively.
Moreover, general protein translation is attenuated to reduce the
protein load in the ER lumen [40,41]. In addition to proteotaxic stress,
high fat diets and hyperlipidemia can induce ER stress and activate of
UPR pathways in vivo in mice and humans, playing a role in the
pathogenesis of many complex, inflammatory and metabolic diseases
[42-44). Whereas in proteotaxic conditions, unfolded proteins activate
IRE1 and PERK by recruiting away the glucose-regulated protein 78
(GRP78) from binding these UPR stress sensor's luminal domain, in
lipotoxic conditions, the increased lipid levels are instead sensed by
their ransmembrane domains, inducing IRE1 and PERK oligomeriza-
tion and activation through auto-phosphorylation [44-48). Studies
show that inhibition of UPR signaling ams initiated by either IRE1 or

logical replicates. All the mouse experiments were performed as
independent cohorts. The analysis of the in vivo experiments (such
as atherosclerotic lesion analysis, or immunofiurescent and immu-
nohistochemical staining quantifications) were preformed blind to
sample identity. The only elimination criteria for the in vivo exper-
iments was based on visible health changes mice and determined
by the veterinarian.

2.2. Reagents and plasmid

Tissue culture reagents: r-glutamine, DMEM, PBS, HBSS, RPMI,
penicillin/streptomycin (P/S), fetal bovine serum (FBS) and RPMI were
obtained from Thermo Scientific HyClone. Trypsin-EDTA and HEPES
were obtained from GIBCO. Ultrapure LPS, fatty acid-free BSA,
palmitate, cis-palmitoleate, NaCl, EDTA, NaF, Triton, sodium ortho-
vanadate (NazVO,), phenylmethanesulfonylfiuoride (PMSF), and
phosphatase inhibitor cocktail-3 were obtained from Sigma Aldrich.
Trans palmitoleate was obtained from NuCheck Prep. Primary anti-
bodies used: P-PERK Thr980 (3179), PERK (3192), p-AMPK (2535),
fotal AMPK (2532) from Cell Signaling Technologies; p-elF2a (144-
28G) from Invitrogen; p-IRE1 and IL-13 (ab9722) from Abcam; f-Actin
(sc-47778), Caspase-1(sc-514) from Santa Cruz Biotechnology. ECL
Prime Western Blot Detection Kit was purchased Phar-
macia and Trisure reagent was purchased from Bioline. The pCMV-
Myc-GFP-KDEL plasmid and pcDNAS5- IRE1-3F6HGFP-FRT plasmid
were obtained from Peter Walter (UCSF) [51].
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2.3. Cell cultures and treatmentMouse BMDM isolation

BMDM were isolated from the tibiae and femurs of mice and differ-
entiated for five to seven days in RPMI-1640 growth medium enriched
with %15 L929 cells (ATCC) conditioned medium. The differentiated
BMDM cells were primed with 200 ng ultrapure LPS for 3 h, Then, cells
were stimulated with ethanol-BSA (negative control), paimitate-BSA
(500 pM, cis-palmitoleate-BSA (500 pM) or trans-palmitoleate-BSA
(500 pM) for the indicated amounts of time. Proteins (from cells or
conditioned medium) and RNA were isolated from the cells as
described earlier [23].Fatty acid-Bovine albumin serum complex
Palmitate (500 mM in ethanol) was prepared as previously described
and added to the cell media at indicated dose [49].

2.4. Protein analysis

Protein lysates were prepared as described before [23,36). All lysates
were run on SDS-PAGE gels, transferred to PVDF membranes, before
blocking (in TBS with 0.1% Tween-20 (v/v) and 5% (wAv) dry milk or
BSA). For cleaved caspase-1 and IL-1f detection: the conditioned
medium was collected and mixed with 5X SDS loading dye, followed by
heating at 95 °C for 5 min before loading on SDS-PAGE gels. After
secondary-HRP conjugated antibody incubation, all blots were devel-
oped using ECL prime reagent (GE Healthcare) and visualized by
BioRAD MP imager.

2.5. RNA isolation and gRT-PCR

Total RNA was extracted with Trisure reagent (Bioline) and converted to
cDNA with Revert Aid First Strand cDNA Synthesis Kit (Thermo Sci-
entific). Using specific primers, cDNAs were amplified on Light Cycler
480Il (Roche) or Rotor Gene (Qiagen). The formula that was used for
calculating expression changes is as follows: (primer efficiency) 22
where AACt means ACt (target gene) - ACt (reference gene) and Ct
means (threshold cycle). Results are representative from three or more
independent experiments that were quantified and analyzed by
Student’s t-test

The following primers were used
mTNFa-Frw:5'-CATCTTCTCAAAATTCGAGT GACAA-3';

mTNFa-Rev:5'- TGGGAGTAGACAAGGTACAACCC-3';

mCCL2-Frw: 5'- CTTCTGGGCCTGCTGTTCA-3

mCCL2-Rev: 5'-CCAGCCTACTCATTGGGAT CA-3'
mMGAPDH-Frw:5'-GTGAAGGTCGGTGTGAACG-3';

mMGAPDH-Rev: 5'- GGTCGTTGATGGCAACAATCTC -3'.

2.7. mtROS staining and quantification

For staining of mtROS production, MitoSOX™ Red mitochondrial su-
peroxide indicator (Life Technologies) was used as previously
described [36). Mitochondrial stainings were done with Mitotracker
GreenFM (Life Technologies) according to the manufacturer's in-
sfructions. The images were analyzed with ImageJ program. The
images were taken with Leica DMI 4000B equipped with Andor DSD2

ing disk confocal pe (Cagdas Son Lab, METU).

2.8. IRE1 oligomerization

IRE1-3F6HGFP expressing HEK-293 stable cell lines were used as
published [23]. 1 x 10° cells HEK-293 stable cells on cover slips were
treated with BSA (control), paimitate-BSA (500 pM), cis-palmitoleate-
BSA (500 M) or trans-palmitoleate-BSA (500 pM) alone or in com-
bination for 6 h. Images of the cels were acquired on Leica DMI 40008
equipped with Andor DSD2 spinning disk i (Cagdas
Son Lab, Middle East Technical Umvasrty Ankara, Tukey) Oligo-
merization analysis was performed according to previously published

protocols by counting IRE1 foci in 100 cells from multiple replicates
for each freatment [23).

29. Cytokine measurements

To quantify IL-1 amount in plasma, samples were diluted 1:1 using
assay diluent A and ninety-six-well colorimetric “sandwich” ELISA
plates (Abcam, mouse IL-1 ELISA kit) was used: Recombinant mouse
IL-1f standard (100 pl of 2000—2 74 pg/m) and 100 pl of diluted
plasma samples were run in dt g o 'S
instructions. The absorbance was detected at 450 nm using plate
readers. Results were calculated by Prism 8.1.2 (GraphPad Software
Inc).

2.10. Mouse models, dietary freatments, and experimental
procedures

Animal care and experimental procedures were performed according
to the local animal care and ethical review committee guidelines
accepted at lhsan Dogramaci Bilkent University. For our studies,
Apoe~'~ mice (Charles River) were used. Male mice were fed with
Western diet from the age of week 8 for 12 weeks. Then, the mice
were treated by oral gavage with vehicle (1% BSA in PBS) or 1400 mg/
kg/day cis or trans-PAQ dissolved in vehicle for 4 weeks while
continuing on Westem diet. The mice weights were measured weekly
and blood glucose measurements were done at the beginning and at
the end of injections before sacrifice. The mouse sacrifice and tissue
collection was described in detail in our previous publications [23,36].

211. En face aorta lesion analysis

Aortas were pinned on a black wax surface, and atherosclerotic lesions
were analyzed in all aorta after Sudan IV staining as described earlier
[23). Lesion area was quantified using ImageJ and expressed as the
percentage of SUDAN N stained plaque area over the aortic area.

212. Plasma lipids and lipoprotein analysis

Mouse blood was obtained via heart puncture during sacrifice,
centrifuged and plasma collected. Then, the plasma was analyzed by
FPLC in the Mouse Metabalic Phenotyping Center at the University of
Cincinnati. For the resolution of major lipoprotein classes from plasma,
the columns were equilibrated in 50 mM PBS. Using a microtiter plate
enzyme-based assay, the major lipoprotein classes were in
cholesterol or triglyceride assays from collected fractions.

213. Lipidomic analysis
Lipidomic analysis of plasma and tissues including muscle, liver, and
adipose tissue (confrol; n = 5, trans-PAO; n = 5, and cis-PAO; n = 6)
were done by Metabolon. The analysis was performed as previously
described [18,23]. Individual lipid species were quantified by taking
the peak area ratios of target compounds and their assigned internal
standards, then multiplying by the concentration of internal standard
added to the sample. Lipid class concentrations were calculated from
the sum of all molecular species within a class, and fatty acid com-
positions were determined by calculating the proportion of each class
comprised of individual fatty acids.
Quantitative analysis were for the following: (A) lipid classes: FFA: free
fatty acid, CE: cholesteryl ester, DAG: dacylglycaol TAG: ftri-
yiglycerol, CL: iolipin,  LYPC:  lysop , PC:
phosphatidylcholine, PE: P ine, PS: phosphati-
dylserine. (B) fatty acids: 140 15:0, 16:0, 18:0, 20:0, 22:0, 24:0,
14:1n5, 16:1n7, 18:1n7, 18:1n9, 20:1n9, 20:3n9, 22:1n9, 24:1n9,
18:2n6, 18:3n6, 20:2n6, 20:3n6, 20:4n6, 22:2n6, 22:4n6, 22:5n6,
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18:3n3, 18:4n3, 20:3n3, 20:4n3, 20:5n3, 22:5n3, 22:6n3, 24:6n3,
plasmalogen derivatives of 16:0, 18:0, 18:1n7, 18:1n9, t16:1n7,
t18:1n9, and t18:2n6.

2.14. Immunohistochemistry

7-um thick cryosections were obtained using a cryostat (Leica CM
1850) from the aortic roots. Immunofiuorescent stainings were per-
formed using the following antibodies: anti~-MOMA-2 (monocyte/
macrophage marker) (abcam ab33451), anti—CD3-Alexad88 (Bio-
legend 100—210), anti—-SMA (abcam ab5694), anti-P-elF2a. (Invi-
trogen 144-286), anti-ATF3 (sc-188; Santa Cruz Biotechnology), IL-18
antibody (abcam ab9722) and DAP! (abcam ab104140). Cryosections
were stained with Masson's Trichrome (Bio-Optica), OilRed0 (Sigma),
FAM/FLICA caspase1 detection kit (mmunochemistry Tech FAM-YVAD-
FMK(655) # 97), TUNEL (In situ Cell Death detection Kit, Fluorescenin;
Roche 11684795910) and hematoxylin and eosin (H&E). Representa-
tive images were taken with a Zeiss fluorescent microscope.
Cryosections were stained with H&E stain for morphometric lesion
analysis. The total lesion area and necrotic area were quantified using
ImageJ software as previously described from 4 sequential sections
(60 pM apart, beginning at the base of the aortic root) [23,52-54).
Foam cell area was calculated from OilRedO stained 4 sequential
sections and collagen content from Masson's Trichrome stained
sections using ImageJ as previously described [23].

The fluorescent immunostainings were carried out on cryosections that
were fixed in cold acetone for 10 min, blocked in %4 —6 BSA/PBS with
%1020 species specific serum (compatible with the primary anti-
body) as previously described [49]. All stained sections were mounted
with Fluorosave mounting reagent containing DAPI. Florescent signal
calculations: (a) ATF3, P-elF2a, and FAM/FLICA stainings: the sections
were double stained with MOMA-2 to mark the macrophage-enriched
area. The Mean Fluorescent Intensity (MFI) corresponding to primary
antibody signal was calculated from this MOMA-2 positive area. The
background fluorescence of the non-stained area inside the lesion was
subtracted from the total MFI corresponding to each signal. Data were
quantified as total MFI signal compared with baseline [22,55,56). (b)
CD3: The fotal T cell number (cells/mm2) to the lesion area was
quantified from CD3 as previously described [23] (c) other fluorescent
stainings was calculated as percentage of MOMA-2, IL-1f3, and &-SMA
positive-stained area over total lesion area [23,36).

2.15. Statistical analysis

Results are reported as mean + SEM. Statistical significance of the
results was determined using the Student's t test, one-way ANOVA (for
more than two groups) or the Mann—Whitney test (for in vivo analysis).
P < 0.05 was considered as significant.

3. RESULTS

3.1. The impact of trans-PAO on lipid-induced ER stress and
inflammation in macrophages
Cholesteral, phospholipids, and the fatty acid content in these lipids
determine the biophysical properties of membrane systems, including
the ER. The lipid composition of the ER membranes is sensed through
the transmembrane domains of the ER stress sensors and determines
their activation status (23 48). Previously, we showed that SFA can
alter ER lipid ition and initiate UPR
sunaing sudl as by inducing IRE1 oligomerization on the ER mem-
branes [23]. SFA-induced UPR signaling can be counteracted by
cis-PAO, which enters and remodels ER membranes [23]. Here, we
assessed the impact of trans-PAO on IRE1 oligomerization on the ER
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membranes and compared to cis-PAO. As expected, cis-PAQ treat-
ment significantly reduced IRE1 oligomer formation (as assessed by
visualizing green fluorescent protein (GFP)—tagged IRE1 foci formation
on ER membranes). However, trans-PAO treatment did not alter PA-
induced IRE1 oligomerization on ER membranes (P < 0.05,
Figure 1A). While cis-PAO prevented SFA-induced IRE1 activation
(as assessed by IRE1 auto-phosphorylation) as expected, trans-PAQ
treatment did not inhibit lipid-induced IRE1 activation in mouse and
human macrophages (Figure 1B, S. Fig. 1A). Similarly, cis-PAO, but not
trans-PAO, prevented SFA-induced PERK activation (as assessed by
PERK auto-phosphorylation) in mouse macrophages (Figure 1B),
demonstrating trans-PAO does not have an impact on lipid-induced ER
stress.
Next, we assessed the two PAO isomers’ impact on SFA-induced
mitochondrial oxidative stress in macrophages side by side. We
observed cis-PAO freatment significantly suppressed lipid-induced
miROS generation, but trans-PAO treatment did not (P < 0.001,
Figure 1C, S. Fig. 1B). Taken together, our results show trans-PAO
can't prevent SFA-induced organelle stress. These findings thus
suggest that frans-PAQ and cis-PAO may differ in their biological ac-
tivities such as inflammation and in their role in atheroprotection.
SFAspecifically leads to the induction of NLRP3 inflammasome and IL-
1§ and IL-18 secretion in UPR-dependent manner in both mouse and
human macrophages, and this can be blocked by cis-PAQ treatment
[23,30,36,57,58). Therefore, we next investigated whether trans-PAQ
has an impact on SFA-induced inflammasome activation. We cbserved
that trans-PAQ treatment does not abolish PA-induced caspase-1 and
IL-1B secretion, which was significantly blocked by cis-PAO in the
same experimental set up (Figure 1D). Moreover, trans-PAO co-
treatment did not prevent PA from inducing inflammatory cytokines
such as tumor necrosis factor-alpha (TNFz) and monocyte chemo-
tactic protein-1 (MCP1)/chemokine (C—C) motif ligand-2 (CCL2) in
mouse macrophages, but appeared to augment it (P < 0.001;
Flgure 1E, F). A prevnous study suggested that cis-PAQ increases
and redt inflammation in macrophages
through a:hvamn of AMPK. However both frans-PAO and cis-PAO
treatment i AMPK phosphorylation in macrophages sug-
gesting this is not the mechansm by which these two PAQ isoforms
differentially impact lipid-induced inflammation in macrophages (S.
Fig. 1C) [59]. These findings demonstrate that unlike cis-PAO, frans-
PAO treatment of macrophages does not appear prevent SFA-induced
inflammation and it may not impact atherosclerosis in a beneficial way.

3.2. The impact of trans-PAO on lipid composition in vivo

In contrast to the epidemiological data linking trans-PAO with beneficial
outcomes in CVD, our findings in macrophages suggest that frans-PAQ
does not prevent stress and infl; ion in m.

stimulated with PA in vito and therefore trans-PAQ may be devoid of
the atheroprotective qualities that are atiribute to cis-PAO. We next
conducted an in vivo study to observe the impact of trans-PAQ sup-
plementation on hyperlipidemia-induced inflammation and atherogen-
esis. For this purpose, 8 week-old male apolipoprotein E-deficient
(Apoe"") mice were fed with Western diet (WD) for 16 weeks o induce
hyperlip and development. Starting at 12 weeks
of this diet regimen, we administered 1400 mg/kg/day cis or frans-PAQ
(based on the atheroprotective cis-PAO dosage determined by our
earlier experiments [23]) or vehicle (control group) by oral gavage
(Figure 2A; experimental design). Although incorporation efficiency into
various lipid classes in tissues varies for different TFA species, dietary
TFA can incorporate into serum lipoproteins and adipose tissue in the
form of triglyceride, phospholipids, and cholesterol esters [60]. The
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Figure 1: Trans-PAO treatment does not prevent lipid-induced organelle stress or in mouse (A) Calls witha green

protein (GFP)-tagged IRE1 plasmid and Cherry-KDEL acid sequence expressing construct were treated with 500 |IMPA or co-treated with 500 jMPA and 500 M trans-PAQ/
cis-PAD for six hours. IRE1 i formation (green) on ER (red) was canfocal . The graph displays quantification of IRE1 oligomerization
(distinct IRE1 foci per cell). Data represents mean + SEM; P < 0.01, n > 100 from four experiments. (B) LPS-primed and PA-stressed BMDM were co-treated with trans-PAQ or
cis-PAD and protein Iysates were analyzed by westem blotting using specfic antibod es against: p-PERK, p-IRE1 and B-actin. () LPS-primed and PA-stressed BMDM were treated
with cis- or trans-PAQ and mtROS production was measured with MitoSOX™ (red mitochondrial superoxide indicator kit) (n > 3). (D) LPS-primed and PA-stimulated BMDM were
co-treated with cis- or frans-PAD and the conditioned medium was analyzed by westem blotting using specific antibodies against IL-1p, caspase-1 and B-actin (n > 3). (E-F) qRT-
PCR analysis (E) TNFx and (F) CCL2 mRNA in LPS-primed, PA-stressed BMDMs co-treated with cis- or trans-PAQ fn > 3). Data are shown as means + SEM.
*P < 0.057P < 0.01,P < 0.001. One way ANOVA was used for stafistical analysis.

effect of dietary trans-PAO on plasma and tissue lipid composition has
not been studied before. We investigated the efficiency of frans-PAO
incorporation into various lipid classes such as free fatty acids (FFA),
cholesterol esters (CE), diacylglycerol (DAG), triacylglycerol (TG) and
phospholipid (PL) in plasma and multiple tissues by way of quantitative
lipidomics analysis. We observed 4 weeks of trans-PAO treatment
increased trans-PAQ levels in the plasma of Apoe '~ mice (P < 0.01;
Figure 2B). Trans-PAOQ treatment did not cause a change in the plasma

MUFA/SFA ratio (Figure 2C). While trans-PAO concentration in FFA, CE,
DAG, TG and PL was higher compared to control (P < 0.05; Figure 2D,
E), the concentration of these lipid classes was unaltered in the plasma
(Figure 2F). Trans-PAQ concentration was also increased in many of the
PL species without expanding the PL compariment in plasma
(P < 0.05; Figure 2D—F). Additionally, trans-PAO treatment did not
impact cis-PAQ total concentration (Figure 2G) or cis-PAO amount
within any major lipid class in plasma (Figure 2H). These findings
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Figure 2: Theimpactof trans-PAQ freatment on plasma lipid composition in the Apoe '~ mice. (A) Experimental design for the analysis of aterosclercsis in Apoe '~ mice
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**P < 0.01, ns = not significant, (n = 5 per group). Unpaired two-talled Student's t test was used for sttistica analysis. (FFA: free fatty acid, CE: cholesteryl ester, DAG:
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*P < 0.05, *P < 0.01, ns = not significant, (n = 5 for trans-PAO and n = 6 for cis-PAD). Unpaired two-tailed Student's t test was used for statisfical analysis.
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indicate that oral trans-PAQ supplementation eff

plasma trans-PAO concentration and trans-PAO motpuahon into
various lipid compartments in plasma.

Next, we assessed the lipid profiles from liver, skeletal muscle tissue
and adipose tissue of trans-PAO, cis-PAO and vehicle-treated Apoe™
mice. The concentration of trans-PAO or cis-PAO significantly
increased in the liver and muscle from the frans-PAQ-treated mice or
cis-PAO-freated when compared to control (P < 0.05; Figure 3AB, S.
Fig. 2A, B). Similar to plasma, trans-PAO freatment did not alter the
MUFA/SFA ratio in liver or muscle (Figure 3C, S. Fig. 2C), whereas cis-
PAO treatment significantly increased MUFA/SFA ratio in liver or
muscle (Figure 3D, S. Fg. 2D). Trans-PAQ amount in the major lipid
class (FFA EC, DAG, TAG, CL, PL) or cis-PAO amount in the major lipid
class (DAG, TG, CL, PL) was increased in liver and muscle but without
causing an expansion of these lipid classes analyzed in the samples
(P < 0.05; Figure 3E—J and S. Fig. 2E—J). The concentration of trans-
PAD significantly increased in the adipose tissue, while concentration
of cis-PAO did not (P < 0.05; S. Fig. 3A, B). Trans-PAO or cis-PAQ
treatment did not alter MUFA/SFA ratio in adipose tissue (S. Fig. 3C,
D). Trans-PAQ amount in the major lipid class (FFA, DAG, TAG, PL)
significantly increased in adipose tissue (S. Fig. 3E) but the amount of
cis-PAO in these lipid classes was similar (S. Fig. 3F). Furthermore,
trans-PAO or cis-PAO treatment did not cause the expansion of these
lipid classes in adipose fissue (S. Fig. 3G, H). In conclusion, chronic
trans-PAO treatment significantly increased the incorporation of trans-
PAQ into the major lipid classes (FFA, EC, DAG, TAG, CL, PL) in the
tissues but these lipids’ levels or the overall fatty acid desaturation
index (MUFA: SFA ratio) remained unchanged. Cis-PAQ treatment
significantly increased the incorporation of cis-PAO into major lipid
classes in the liver (DAG, TAG, CL, PL) and in the muscle (CE, CL, PL),
but not in adipose tissue cis-PAO freatment significantly changed the
fatty acid desaturation index in liver and muscle but not adipose tissue.

3.3. The impact of trans-PAO on macrophage ER stress and
inflammasome activation in vivo

Macrophages form the vast majority of inflammatory cells in
atherosclerotic plaques, and they play an important role in the
development and progression of atherosclerosis through modulation
of cholesterol homeostasis, the immune-inflammatory response, and
plaque cellularity [61-—63). Increased ER stress in lipid-laden mac-
rophages has been connected to plague progression, vulnerability,
and rupture and to CAD in humans, whereas suppression of ER stress
alleviates atherosclerosis in mouse models [64]. In addition,
decreasing ER stress suppresses inflammasome activation in lesion
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find any diff in immunofiuorescence staining for IL-1f and
active 1 in the phag iched (MOMA2 positive)

plaque regions (Figure 4C,D). ELISA analysis of the serum from mice
treated with trans-PAO showed no significant differences in systemic
IL-18 levels between trans-PAO and control treatment mice, whereas
cis-PAO significantly reduces systemic IL-13 levels (Figure 4E). These
findings show that trans-PAO unlike cis-PAO, does not prevent
hyperlipidemia-induced macrophage ER stress and inflammasome
activity in plaque areas in vivo.

3.4. The impact of trans-PAO on atherosclerosis

We next investigated trans-PAQ's role in atherosclerotic plaque
development. Our previous studies showed cis-PAO can prevent
hyperlipidemia-induced organelle stress, inflammasome activation,
and inflammation and reduce atherosclerosis progression. However,
in this study we observed that frans-PAQ did not prevent PA-
stimulated and inflammasome-produced IL-1f or other inflamma-
fory cytokine production from macrophages in witro. In fact, we
observed some induction of cytokines with trans-PAQO and PA co-
stimulation of the macrophages (Figure 1D—E). Moreover, frans-
PAO could not prevent SFA-induced ER or mitochondrial oxidative
stress as cis-PAO does (Figure 1A—C). Therefore, our findings
suggest that trans-PAO may be pro-inflammatory and pro-
ath , in to the p epidemiological studies
that |mp|y a beneficial role for Irans-PAO in cardiometabolic disease
[4,11-13]. While we observed effective trans-PAO enrichment in
plasma and tissues of our mice (Figures 2 and 3), this was not
accompanied with significant changes in body weight or blood
glucose levels (S. Fig. 4A). Similarly, cis-PAO treatment in mice did
not alter body weight or blood glucose levels (S. Fig. 4A). We then
evaluated the impact of frans-PAO on atherosclerosis development
in en face aorta preparations and aortic root sections. To our sur-
prise, we found that trans-PAO freatment did not impact (neither
preventing nor promoting) the development of atherosclerotic le-
sions in lesions in en face aorta preparations, whereas cis-PAO
significantly reduces atherosclerosis (Figure 5A). Oil RedO staining
analysis of the aortic root cryosections also did not show any sig-
nificant ch in foamy ophage ation in the aortic
sinus area wh cis-PAO signi y foamy macro-
phages in lesions (Figure 5B). There were no significant differences
in lesion area or the necrotic core area assessed from the hema-
toxylin and eosin (H&E)-stained lesions from trans-PAO-treated mice
while cis-PAO significantly reduced necrotic core area (Figure 5C,D).

macrophages [23,36]. Even though cis-PAQ suppressed lipid-induced
ER stress and subsequent NLRP3 inflammasome activation [23],
trans-PAO could not block SFA-induced IL-1f secretion in macro-
phages (Figure 1D). Hence, we sought to understand the impact of
trans-PAO on ER stress and subsequent inflammasome activation in
atherosclerotic plaque macrophages in vivo. For this purpose, we
stained the macrophage-enriched areas of aortic root and performed
immunofiuorescence signal i lysis for two gal

markers of UPR, namely phosphorylation of eukaryofic initiation factor
24 (elF2a) and d of eif2a signaling, the i ion of the
expression of cyclic adenosine monophosphate—dependent tran-
scription factor 3 (ATF3). The data confirmed that frans-PAQ treatment
does not suppress P-elF2a or ATF3 expression in macrophage-filled
(MOMA2-positive) plaque area when compared to the control mice
(Figure 4AB). To investigate the trans-PAQ's impact on inflamma-
some activation in vivo, we performed immunofiuorescence staining
for IL-1f and active caspase-1 in plaque macrophages. We did not

in lesions were not reduced by trans-PAO
whereas ms-PAO treatment resulted in significant drop in lesion
macrophages (Figure 5E). Also, we noted no significant changes in
the plasma total cholesterol or total triglycerides or the cholesterol
content of lipoproteins between trans-PAO-treated and control mice,
but we noted a small but significant increase in the TG amount
found in plasma high density lipoprotein (S. Fig. 4B—F).

Vascular smooth muscle cells (SMC), endothelial cells, and immune
cells, including lymphocytes, neutrophils, dendritic cells, and macro-
phages play important roles in the development of atherosclerotic
plaques in the arterial wall [64]. Next, we performed immunohisto-
chemical analysis of the aortic root sections from these mice in order to
determine the impact of frans-PAQ on plague cellular composition. We
observed that total T lymphocyte content did not differ between frans-
PAO and control groups (Figure 6A). In addition, SMC content
(assessed by a-smooth muscle actin staining) and collagen content
(determined by Masson Trichrome staining) did not reflect significant
differences between the lesions obtained from trans-PAQ-treated mice
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Figure 4: Trans-PAO does not prevent ER stress or inflammasome activation in wvo. Aortic root sections from trans-PAO or vehicke treated mice were analyzed by
immunofivorescent (IF) staining using specific antibodies for: (A) p-elF2x (green), (B) ATF3 (green), (C) FLICA (green), and (D) IL-1f (green). For each staining, a representative
image is shown in left and center, and the quantification of the data appears on the right. Relative IF intensities (green) for P-élF2«, ATF3 and FLICA were quantified from the
macrophage positive area {red) (n = 5 per group). (E) Plasma IL-1f flevels were measured from the Apoe '~ mice treated with trans- or cis-PAQ or vehicle for 4 weeks (n =6 per

group). All data represent mean + SEM; *P < 0.05, **P < 0.01. Control versus trans-PAO (A B,C,D) or Cis-PAO (B; Mann Whitney U est was used for statisical anaysis. Scale
bars: 150 pm.
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Figure 5: Trans-PAD does not prevent atherosclerosis in Nm"‘ mice. (A) Lesion area was calculated from en face aorta preparations stained with Sudan IV (Control;
n = 12; Trans-PAD; n = 9; Gis-PAD; n = 6). (B) Foam cell area was calculated from Oil RedO stained aortic root sections (cortrol; n = 9; Trans-PAD; n = 9, Cis-PAD; n = 5 scale
bar: 300 um). (C) Total plaque area and (D) necrotic area were calculated from hematboxylin and eosin (H&E)-stained aorfic roat lesions (contrdl; n = 9; Trans-PAQ; n = 9,Cis-PAD;
n = 5 scale bar: 300 um). (E) Macrophage content in aorfic root lesions, as quantfied after staining for MOMA-2 (green). (n = 5 per group, scale bar: 150 um). In each case, a
representative image is shown in left and center, and the quantification of the data appears on the right. Control versus trans-PAQ or cis-PAD; Mann Whitney U test (in A B,C,D)
Student's t st was used for statisfical analysis.
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andysis of aortic root cryosections from Apoe /'~ mice from treated

with trans-PAQ or vehicle (1% BSA in PBS). The representative images and quantification are shown for: (A) CO3 (green), (B) 2-SMA (green) (C) Masson's Trichrome staining (blue:
callagen; red: cybbplasm and musde fibers) (n = 5 per group). In each case, a representative image is shown in left and center, and the quantification of the data appears on the
right. Data represents mean + SEM; NS = not significant. Control versus trans-PAO; Mann Whitney U test was used for stafistical analysis. Scale bars: 150 pm.

and controls (Figure 6B and Figure 6C). Collectively, these findings
demonstrate that frans-PAQ treatment does not impact atherosclerosis
development in mice.

4. DISCUSSION

Owing to their effects on the plasma lipids, lipoprotein metabolism and
inflammation, the quantity and type of dietary fatty acids have a
considerable impact on the development of CVD [65]. Whereas MUFA
with cis double bond configuration has been consistently associated
with beneficial metabolic effects (such as anti-inflammatory, anti-
diabetic and cardio protective actions) [63], MUFA with frans double
bond iguration are often g¢ as by-products of industrially
processed foods and have been associated with harmful effects on
metabolism (such as inflammation and increased diabetes and CVD
risk) [66,67]. An exception to this appears to be ruminant-derived TFA
such as vaccenic acid and frans-PAO, which have been associated
with beneficial I li [67]. Circulating trans-PAQ
represents less than one percent of fotal fatty acids (and signifi-
cantly lower than cis-PAO levels) in humans. However, studies have
shown a significant increase in this minor plasma trans-fatty acid
mirrors full fatty dairy consumption and associates with lower TG,
[ ipi ia, and di inci [4,12). These

g
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beneficial attributes of trans-PAQ are reminiscent of its isomer’s (cis-
PAQ’s) role in pi ing insulin e, hepatic li is, and
atherosclerosis [13,23). Despite having been implied by epidemio-
logical studies as a beneficial TFA, a causal relationship between
frans-PA0 and metabolic health has not been experimentally
demonstrated. In this study, we demonstrated trans-PAO, despite two
to three folds enrichment in various tissues, has no direct impact on
hyperlipidemia-induced inflammation and atherosclerosis progression
in the Apoe"‘ mouse model of hypercholesterolemia-driven
atherosclerosis.

SFA or cholesterol loading of macrophages is known to induce robust
ER stress and mi ial oxidative stress, ups of NLRP3
inflammasome activationand IL-1f3 and IL-18 secretion, resulting in an
inflammatory response that drives atherosclerosis progression
[23,36,59]. Genetic or pharmacological suppression of ER stress,
mitochondrial axidative stress and inflammasome activity reduces
atherosclerosis [28,36,49,68-70]. The results of the recent CANTOS
trial showed neutralizing IL-18 with a human monoclonal antibody
leads to dose-dependently reduction in C-reactive protein (CRP) and IL-
6 levels (43% reduction from the baseline) in patients with previous
myocardial infarction, providing support for the inflammatory basis of
athero-thrombosis in humans [71]. Previous studies in humans also
showed chronic cis-PAO administration reduced CRP and inflammation
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in humans. Further characterization of cis-PAQ in mice demonstrated
that this bicactive lipid prevents hyperiipidemia-induced ER stress,
inflammasome activation, and inflammation, thereby reducing the
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acids are unsaturated, their pi bonds are not kinked (degree of acyl
chain bending) compared to cis pi bonds. Thus, when incorporated into
, itis exp that they pack like saturated fatty acids and

progression of ath 1 While trans-PAO has been associated
with healthy cardiometabolic indicators in humans, we were surprised
to discover that trans-PAQ, unlike cis-PAO, could not antagonize SFA-
induced organelle stress (as evidenced by unaltered UPR signaling and
mtROS production) and i i IL-1B ion in
macrophages. Infriguingly, in cultured macrophages trans-PAQ
appeared to induce the production of TNFo and MCP1. Our findings
are therefore in confrast to the epidemiological studies that have
associated frans-PAQ with reduced inflammation [12,72). Moreover,
both of these cytokines were shown to be significantly inhibited by cis-
PAQ treatment in lipid-stressed mouse and human macrophages [23].
Therefore, in order to evaluate trans-PAQ’s impact on hyperlipidemia-
induced organelle stress and inflammation in an in vivo setting, we
administered trans-PAO orally to Apoe™'~ mouse model of athero-
sclerosis. Despite being partially pro-inflammatory in cultured mac-
rophages, chronic frans-PAQ treatment in vivo did not enhance nor
reduce hyperlipidemia-induced atherosclerosis development in mice.
Moreover, orally active trans-PAO did not reduce or induce
hyperiipidemia-induced IL-1f3 levels in the plagues or in the serum of
Apoe ™'~ mice, which was consistent with our observations on trans-
PAO's impact on IL-1f secretion in macrophages. In addition, trans-
PAQ did not alter macrophage accumulation or formation of foamy
macrophages or necrotic core in lesions obtained from the aortic roots
of Apoe™~ mice. These in vivo findings therefore suggest ruminant-
derived trans-PAO may not be the beneficial factor found in full fat
dairy that appears to reduce the risk for CVD in humans [66]. Similar to
our findings, cthers have shown that another ruminant TFA trans-
vaccenic acid (frans-18:1n—7), does not alter atherosclerosis devel-
opment in rabbits and monkeys [73,74). In summary, results of this
study support the findings from epidemiological studies that show
trans-PAQ does not increase the risk of CVD in humans, but it also
shows that it doesn't possess the anti-inflammatory and atheropro-
tective properties attributed to its cis isomer. Whether trans-PAO has
an impact on increasing insulin sensitivity requires further investigation
in a diet-induced obesity mouse model as the Apoe~'- mice do not
represent a good model to study insulin resistance.

The cis isomer of PAO shows a protective effect against atherosclerosis
through a major remodeling of intracellular organelle membranes. Both
unsaturated and saturated fatty acids are potent regulators of mem-
brane fiuidity in part by their incorporation into phospholipids
alters cholesterol affinity and incorporation into membranes [75).
This phenomenon can impact the activities of membrane proteins such
as G-protein coupled receptors on the plasma membrane as much as
the stress sensor/effector protein on the ER membrane (such as IRE1)
[23,75).

We previously showed that cis-PAQ actively incorporates into major
lipid classes in mice as well as isolated macrophages [23]. In this
study, we observed that orally administered frans-PAQ also in-
corporates into major lipids in plasma and membranes in tissues.
Trans-PAQO concentration is usually less than 1% of total lipids in
humans [12,13]. Our current lipidomics findings represent the first in
depth analysis of trans-PAO in mice, revealing ~1% of trans-PAQ is
found among lipid species in plasma and tissues of Apoe ™'~ mice (fed
with WD), whereas cis-PAO concentration is ~ 1015 folds more than
its trans isomer. These results confim that trans-PAQ levels are
significantly lower than cis-PAO isomer in mice. Although trans fatly

a smaller pool of frans fatty acids wil be incorporated into the
membranes [76). Our data show that oral frans-PAQ supplementation
in hyperlipidemic mice leads to 2—3 folds trans-PAQ enrichment in
various tissues and plasma. Oral supplementation with cis-PAO in the
hyperiipidemic mice leads to about 1.5 fold enrichment in various
tissues. Albeit total trans-PAO levels remain much lower than normal
cis-PAQ levels, the fold enrichment of the frans isomer (2—3 fold) is
bigger than the cis-isoform (about 1.5 fold). While cis-PAO enrichment
is merely ~1.5 fold in the examined tissues, its impact on inflam-
mation and atheroprotection is profound [23]. The differential action of
the two PAO isomers may involve their differential impact on the
membrane desaturation index. A noticeable consequence of cis-PAQ
supplementation is the increase in systemic desaturation ratio in tis-
sues, but frans-PAO treatment doesn't impact the systemic desatu-
ration ratio in plasma or tissues in mice. Differential impact of cis-PAO
and trans-PAQ on the desaturation index can have important conse-
quences for membranes. It is known that as a result of increased
desaturation of membranes cis-PAQ prevents SFA-induced IRE1
oligomerization on ER membranes [23]. Consistent with a lack of
impact on the desaturation index, frans-PAQ does not alfter SFA-
induced IRE oligomerization on ER membranes [23]. Because this
trans fatty acid does not create the degree of acyl chain bending that
cis does, the effect of the double bond on membrane physical prop-
erties could be greatly diminished [76). Aithough our data show that
trans-PAO can incorporate into the lipid pools leading to 2—3 fold
enrichment of this trans-fatty acid, rans-PAQ’s effects on membrane
desaturation, organelle stress and inflammation are muted due to its
structure.

Plasma trans-PAO levels are regarded as a circulating fatty acid
biomarker of full fat dairy consumption, which is associated with
higher HDL-cholesterol and lower triglycerides concentrations
[13,77,78]. In the present work, we found that chronic trans-PAQ
freatment did not influence LDL or HDL-cholesterol and triglycerides
in plasma. Interestingly, trans-PAO treatment significantly increased
HDL-triglyceride in plasma of Apoe—" mice, but this doesn't appear to
p ath lerosis progression in mice. Our findings show that
double bond configuration is critical for PAO's incorporation into lipids
and beneficial metabalic properties such as reduction of organelle
stress and anti-inflammatory actions that help prevent atherosclerosis.
Of the two isoforms that we tested in our studies, only orally active cis-
PAOQ reduced organelle stress, inflammation, and atherosclerosis [23].
Trans-PAO neither pr nor pr d atherogenesis in mice.
Therefore, our findings support previous epidemiological studies that
found elevated frans-PAO levels, despite being a TFA, does not
increase risk for CVD [79).

5. CONCLUSION

Our findings demonstrate the importance of comprehensive and direct
investigation of lipids, which have been associated with metabolic
benefits in epidemiological studies, in appropriate disease models. The
results of our two studies on cis-PAQ and trans-PAO will provide useful
guidance for future dietary intervention strategies in humans that are
based on PAD supplementation. Our findings show trans-PAO is not
atheroprotective like cis-PAO but also confirm epidemiological studies
that showed trans-PAQ does not promote CVD.
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