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ABSTRACT
Characterization of a Novel IRE1 Substrate PACT and Interacting miRNAs
Asli Ekin Dogan
Molecular Biology and Genetics, PhD
Advisor: Ebru Erbay

June 2022

The double-stranded RNA-dependent protein kinase activator A (PACT) anchors the RNA-
induced silencing complex (RISC) to the endoplasmic reticulum (ER)’s membranous
platform where RISC nucleation occurs and thus, PACT plays a key role in microRNA
(miR)-mediated translational repression. Previous studies have shown that ER stress leads
to PACT phosphorylation while simultaneously inducing changes in the expression of
many miRs. Here, we demonstrate that PACT is phosphorylated by the ER-resident
Inositol-requiring enzyme-1 (IRE1), a bifunctional kinase/endoribonuclease (RNase), both
under ER stress and no stress conditions. While the role of IREL1 as a stress-induced RNase
driving the unfolded protein response (UPR) is well understood, the function or the target(s)
of its kinase activity have remained unexplored. Findings of this thesis show that IRE1-
mediated phosphorylation of PACT regulates mature miR-181c levels, which suppresses
the expression of key regulators of mitochondrial biogenesis (mitobiogenesis).
Phosphorylation by IRE1 causes PACT-mediated suppression of mitobiogenesis and
respiration. Partial PACT-deficiency in mice leads to enhanced mitobiogenesis during
brown fat activation in cells and mice. Furthermore, cardiopulmonary bypass-induced
ischemia/reperfusion injury downregulates PACT protein expression in human hearts while
simultaneously inducing mitobiogenesis. Collectively, these findings demonstrate PACT-

miR-181c signaling axis is a key regulator of mitochondrial biogenesis and energetics.

Keywords: ER stress, inter-organelle communication, protein phosphorylation,

mitobiogenesis, mMiRNAs, brown adipose tissue



OZET
IRE1 Kinaz Substrati PACT’ 1n ve Baglandigi miRNA’larim Karakterizasyonu
Asli EKin Dogan
Molekuler Biyoloji ve Genetik, Doktora
Tez Danigsmani: Ebru Erbay

Haziran 2022

RNA baglayic1 protein, ¢ift sarmalli RNA'ya bagh protein kinaz aktivatérii A (PACT),
RNA kaynakli susturma kompleksinin (RISC), cekirdeklenmesi igin membrandz bir
platform saglayarak merkezi bir rol oynayan Endoplazmik Retikuluma (ER) tutturur ve
mikroRNA (miR) aracili translasyonel baskida rol alir. Onceki ¢alismalar, ER stresin
PACT fosforilasyonuna yol agarken ayni anda bir¢ok miR'in ifadesinde degisikliklere
neden oldugunu gostermistir. Bu tez bulgulari, PACT'm hem ER stress altinda hem de bazal
kosullarda ER baglantili Inositol gerektiren enzim-1 (IRE1), (¢ift endoriboniikleaz (RNaz)
ve kinaz) tarafindan fosforile edildigini gosterir. ER stresin aktive ettigi IRE1 RNaz
fonksiyonu, katlanmamis protein tepkisini (UPR) tetiklerken, fizyolojik kosullarda bazal
IRE1 kinaz aktivitesinin iglevi veya hedefleri bilinmemektedir. Bu tezin bulgular: fosforile
edilmis PACT"'mm, mitokondriyal biyogenezin (mitobiyogenez) kilit dizenleyicilerinin
ekspresyonunu baskilayan olgun miR-181c seviyelerini diizenledigini gostermektedir.
IRE1 ile fosforilasyon, PACT aracili mitobiyogenez ve mitokondriyel oksijen kullaniminin
baskilanmasi igin gereklidir. Farelerde kismi PACT eksikligi, hiicre kultirinde oldugu
kadar in vivo olarak da kahverengi adipoz doku aktivasyonu sirasinda daha gucli
mitobiyogeneze yol agar. Ayrica, kardiyopulmoner baypas kaynakli iskemi/perfiizyon
hasari, insan kalp dokusunda PACT protein ekspresyonunu azaltirken ayni zamanda
mitokondriyal biyogenezi indikler. Toplu olarak, bu bulgular PACT-miR181c sinyal
ekseninin mitokondriyal biyogenez ve enerjinin O6nemli bir diizenleyicisi oldugunu

goOstermektedir.



Anahtah Sozcukler: ER stresi, organeller arasi komunikasyon, protein fosforilasyonu,

mitobiyogenez, mikro-RNA, kahverengi yag dokusu
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1. CHAPTER 1. INTRODUCTION

1.1. The Endoplasmic Reticulum

Endoplasmic reticulum (ER) is built from intertwined branching tubules and sacs. It covers
around the nucleus and extends into the cytosol of the cell. Smooth ER regions do not
include ribosomes whereas the rough ER is associated with ribosomes and therefore is
involved in protein synthesis. Moreover, some parts of the ER are in close contact with
mitochondria through formations called mitochondria associated membranes (MAMS).
These structures play important role in exchanging signal molecules in-between ER and
mitochondria. ER is also in close contact with Golgi apparatus through vesicles and tubules,

which also have roles in intracellular molecule trafficking (1).

1.2.  Function of the Endoplasmic Reticulum

ER is the main intracellular site for protein synthesis and folding, lipid synthesis and

calcium storage.

Protein Synthesis and Folding

Folding of proteins mainly occur in the ER, either secreted or transmembrane. Translation
of these proteins take place in the rough ER, which are attached to ribosomes that may be
later released to the cytosol. During translation of proteins on the rough ER, polypeptide
chains are relocated into the ER lumen via membrane channels. Here, ER functioning is
crucial to achieve successful folding of the nascent proteins. After folding, mature proteins
are transferred back to the ER membrane to be sent to its destination inside the cell or on
the cell membrane. If the protein is targeted to be secreted outside the cell, it is further

1



processed by Golgi apparatus. Post-translational modifications are also made in the ER,
such as N-glycosylation or oligomerization, to allow for the protein to be shipped into its

target compartment and to function properly (2).

Endoplasmic Reticulum Associated Degradation (ERAD)

After folding inside the ER lumen, misfolded proteins are eliminated by ER’s quality
control mechanism, called the ERAD. In a condition where such proteins are detected, these
are sent back to cytosol to be degraded, where they are ubiquitinylated to be degraded by

the proteasome (3).

Membrane Biogenesis

ER is also associated lipid synthesis and biogenesis. It is responsible for the synthesis of
phospholipids and cholesterol to form cell or organelle membranes. It forms close contacts

with mitochondria and Golgi apparatus to synthesize these lipids (4).

Calcium

One of the major sites for calcium storage and maintenance is the ER. Calcium acts as a
secondary messenger inside the cells and is involved in inter-organelle communications.
For example, calcium concentration differences drive muscle contractions that ultimately
change the shape of ER (2). Furthermore, an increase in calcium release from the ER to the
mitochondria can directly impact mitochondrial energetics, oxidative phosphorylation,
mitochondrial membrane potential or ATP production. These signals are also crucial for

the initiation of programmed cell death signaling (5-7).



Since ER stores calcium, it has also specific channels to achieve its transfer. Specifically,
Sarcoplasmic Reticulum Ca?* ATPase (SERCA) pump and, inositol 1,4,5-triphosphate
receptors (IP3R) are used for the export of calcium from the cell or import of it into the cell
to achieve optimal concentration for cellular processes (2). As mitochondria and ER are in
close contact through membrane formations, and mitochondria also needs calcium for
optimal functioning, it has also specific calcium channels on its outer membrane, called the
Voltage dependent anion channel (VDAC) or mitochondrial calcium uniporter (MCU) to
allow for the transportation of it through mitochondria (8).

1.3. Unfolded Protein Response

The disruption of ER’s functions can activate an elaborate, adaptive stress response that is
known as the Unfolded Protein Response (UPR), comprised of transcriptional and
translational layers of signaling that aims to restore ER homeostasis. The UPR-induced
adaptive changes include expansion of ER’s membranes, production of protein-folding
chaperons and attenuation of general translation to reduce ER protein folding load (1).

There are various conditions that drive UPR to be activated. Viral infections, high load of
protein synthesis with low levels of ATP production or oxidative stress stemming from
environmental demands, that might lead to perturbations of ER functioning. Furthermore,
an increase in cholesterol or fatty acids in the cells due to obesity might again obstruct
proper ER functioning. These disruptions collectively or separately can induce ER stress,
that activates an elaborate signaling cascade to fight the excess protein load or stress (9).
All these can be referred to as the UPR.

UPR starts in the ER and has three distinct arms to cope with and resolve stress. These arms
include Inositol-Requiring Enzyme-1 (IRE1), protein kinase RNA (PKR) like ER kinase
(PERK) and the activating transcriptional factor 6 (ATF6) (10) (Figure 1.1). In basal

conditions, these three proteins are bound the ER chaperone named Binding-



immunoglobulin protein/Glucose Regulated Protein 78 (Bip/GRP78) inside the ER lumen.
When unfolded protein response is triggered, GRP78 releases all three proteins to activate
the UPR signaling (1).
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Figure 1.1 Unfolded protein response. IRE1 is the most conserved arm of unfolded
protein response from yeast to mammals, targeting XBP1 mRNA. Mature sXBP1 is located
into the nucleus to drive expression of mainly ER chaperones to resolve ER stress (1).

IRE1

The ER membrane-anchored, Inositol-Requiring Enzyme-1 (IRE1) regulates the
evolutionarily most conserved arm of the three-partite UPR signaling. IRE1 can sense

misfolded proteins via its luminal domain and signals to the nucleus through its dual kinase



and endoribonuclease (RNase) domain (1). More recently, it has been shown that IRE1 can
be activated by membrane bilayer stress that occurs when increased amounts of saturated
fatty acids or cholesterol are incorporated into the ER membranes. The addition of these
lipids has been shown to alter ER membrane biophysical properties, prompting IRE1
oligomerization and autophosphorylation (11, 12). The current understanding of IRE1
signaling is largely limited to its RNase activity and its specific substrate, X-box binding
protein 1 (XBP1) mRNA. Whether IRE1 kinase also has a specific protein substrate is not
known (13-15). In the recent years, IRE1 has also been shown to degrade some ER-
associated mMRNA and specific micro RNAs (miRs), small non-coding RNAs of 19-23
bases with its RNase activity (16-22).

PERK

PERK is the second kinase that resides on the ER membrane and gets activated during
UPR. Upon dissociation from GRP78, PERK oligomerizes and autophosphorylates and
ultimately is activated (23). Activated PERK phosphorylates eukaryotic initiation factor 2a.
(elF2 a), which attenuates the global protein translation. Interestingly, certain genes are
exempt from this inhibition, which have alternative open reading frames. One major target
gene that is expressed during PERK activation is activating transcription factor 4 (ATF4).
ATF induced the transcription of genes involved in amino-acid import, autophagy,

metabolism, and survival (23, 24).

ATF6

The third arm is ATF6, which is a transcription factor. It has a luminal and a cytosolic
domain, that includes a bZIP DNA binding motif. A third domain of ATF6 is the
transmembrane domain, which has a Golgi translocation signal. When UPR is induced,
ATF6 is shipped to the Golgi apparatus via ER vesicles, where it gets cleaved and activated
(25). This cleavage is done by membrane bound transcription factor site 1 and 2 (S1P, S2P).



Mature ATF6 is then transported into the nucleus where it targets genes to resolve UPR

such as chaperones or proteins that are responsible for protein folding/synthesis (26).

1.4. Mitochondrial Structure and Dynamics

Mitochondria are first discovered and considered as the energy house of a cell, responsible
for production of energy to maintain cellular metabolism through oxidative
phosphorylation (OXPHOS) (27, 28). Currently, mitochondria are known to participate in
apoptosis, immunity, calcium signaling and autophagy (28-30). Mitochondria have a
double membrane structure, where the outer mitochondrial membrane (OMM) is in contact
with the cytosol, and the inner mitochondrial membrane convolutes inside the
mitochondrial matrix. Mitochondria also have their own circular DNA, called the
mitochondrial DNA (mtDNA). mtDNA encodes for crucial proteins that are involved in
OXPHOS functioning, mostly electron transport chain (ETC) complex subunits (31).
Recent findings have revealed that mitochondria are highly dynamic organelles with a
tubular network structure that constantly undergo fusion and fission. This balance is
maintained to protect optimal functioning and respiration of the mitochondria (Figure 1.2)
(32).

Fission of mitochondria refers to the division of the organelle into two and fusion is merge
of two separate mitochondria to create one bigger organelle. Balance between these two
events is crucial for mitochondrial function and also as a reaction to cellular events such as
nutrients or metabolic state (33). A high-rate fission might implicate mitochondrial
dysfunction to cope with mitochondrial damage and is usually linked to cellular stress and
death (34). Moreover, fission is also important during the G2/M phase of cell division,
where it serves as an increase in motility and mtDNA inheritance (35). Fusion, on the other
hand, favors an increase in OXPHOS activity and is usually stimulated during nutrient

starvation to protect from autophagy (36, 37).



Mitochondrial fission is achieved by Dynamin-related-protein 1 (Drpl) and Dynamin 2
(Dnm2), where Drpl is responsible for constriction of the membranes and Dnm2 is
involved in membrane cleavage (38). Fusion is done via the activity of Mitofusins 1 and 2
(MFNZ1, 2) and optic atrophy 1 (OPA1). MFN proteins carry out OMM fusion and OPA1
mediate IMM fusion (39).
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Figure 1.2 Schematics of mitochondrial dynamics and quality control. Mitochondrial
dynamics are achieved by a constant quality control via fusion, fission, mitophagy and
mitobiogenesis to maintain and replenish functioning mitochondria. Master regulators of
these pathways are depicted here; PGCla for mitobiogenesis, DRP1 for fission, MNFs and
OPAL1 for fusion, PINK1 and Parkin for mitophagy (40).

1.5. Mitochondria and ER Connection

ER and mitochondria are in close contact and exchange material for optimal functioning of
both organelles, and to maintain homeostasis during various environmental stimuli. These
two organelles are associated through ER-mitochondria membrane contact sites (MAMS)

(Figure 1.3) (41, 42) . MAM s allow for the exchange of calcium or lipids. Various channel



proteins reside on MAMs such as VDAC or IP3Rs, mitochondrial fission and fusion
proteins and ubiquitin ligases. The stability of MAMs is achieved by the mitochondrial
fusion proteins (43). UPR kinases IRE1 and PERK are also shown to be on these contact
sites (44, 45).

A crucial role of MAMs is the calcium transport between the two organelles. Calcium from
the ER released into the cytoplasm by the IP3R receptors is taken up by the mitochondrial
VDAC or MCU channels (46).

Moreover, a mitochondrial chaperone, GRP75, is also responsible for the maintenance of
MAMs via stabilizing IP3Rs. Specifically, IP3Rs are predisposed to degradation by the
proteasomes and Grp75 builds a connection between VDACSs and IP3Rs to assure regular
calcium transfer (47). On the ER, Sigma-1 Receptor (SiglR) responsible for calcium
transfer is stabilized by the ER chaperone GRP78 to allow for extended signaling (48).

When ER stress is not resolved for long periods of time, calcium release is upregulated
from the ER. This higher release of calcium interferes with the mitochondrial membrane
potential that results in the depolarization of the IMM. Consequently, cytochrome c of the
ETC is released into the cytosol from the IMM, that in turn drives B-cell lymphoma 2
associated X (Bax)/B-cell lymphoma 2 homologous agonist killer (Bak) dependent

apoptosis (49).

Mitochondrial dynamics are also highly dependent on MAMSs. Fusion or fission
mechanisms maintain optimal number of mitochondria for the cell’s needs for survival (41,
50) . Mitochondrial fission protein DRP1, a cytosolic GTPase, is transported to the
mitochondrial fission site when needed. Fission takes place at MAMSs, where ER tubules
connect and constrict mitochondria and position DRP1 for scission (51). Fusion GTPases
MFN1,2 form dimers with one another on the OMM during fusion. Formation of dimers
ensures the proper distance between ER and mitochondria, together with maintenance of
ER-mitochondria contacts (43, 52). OPAL, another fusion factor of the IMM regulates
mitochondrial cristae structure (53, 54).



MAMs are also implicated in the early stages of UPR activation, as it has been shown that
silencing PERK in this context ER stress induced apoptosis is downregulated, as a results
of less MAM formation and augmented ROS release (45, 55). Moreover, IRE1 on the
MAMs govern the activity of IP3Rs to ensure necessary transfer of calcium to mitochondria
(56). MAMs also play a role in ROS and inflammasome formation. Nucleotide
oligomerization domain-like receptors (NLRs) are involved in detecting cytosolic changes
like infection, stress or cell damage. Upon sensing these, NLRs build a multiprotein
complex called the inflammasome, to resolve insults to regular cell functioning (24).
NLRP3 inflammasome is localized to both ER and cytoplasm, however, it can also be
translocated to the MAMSs together with its adaptor ASC, in order to detect and resolve

mitochondrial damage (56).
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Figure 1.3 MAMs and related signaling. MAMSs are hubs for communication between
ER and mitochondria during inflammation, lipid synthesis, calcium trafficking, ROS
generation, ER stress signaling, autophagy and mitochondrial dynamics (57).

1.6. Mitochondrial Biogenesis

New mitochondria biogenesis (mitobiogenesis) is important for maintaining healthy
mitochondrial capacity that is proportional to metabolic demand. Mitobiogenesis is also
needed to replenish the damaged mitochondria removed by mitochondria-specific
autophagy (mitophagy) (58). Mitobiogenesis can be triggered by numerous external stimuli

such as exercise, cold, or caloric restriction (59-61). Several molecular regulators of
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mitobiogenesis have been characterized in mammals such as transcription factors and co-
activators that are responsible for coordinating mitochondrial and nuclear gene expression.
Overall, Peroxisome-proliferator-activated receptor coactivator-1 a (PGCla) is a master
regulator of the mitobiogenesis pathway. Nutritional and metabolic cues is relayed to
PGCla by the NAD+-dependent deacetylase, Sirtuin 1 (SIRT1) that deacetylates and
activates PGCla. PGCla co-activates the transcription factor, nuclear respiratory factor 1
(NRF1), which induces the mitochondrial Transcription factor A (TFAM). TFAM is
required for the transcription of mitochondrial DNA (mtDNA) replication (62-64). PGCla.
also increases the transcription of numerous genes encoding mitochondrial proteins by co-
activating peroxisome proliferator activated receptor gamma (PPARy) (64).
Mitobiogenesis pathway starts by the activation of PGC1a, which in turn stimulates nuclear
transcription factors 1 and 2 (NRF1, 2) and estrogen-related receptor- a (ERR- a). These
are followed by an upregulation of expression of TFAM (65). Next step is the translation
of genes that are encoded in the mtDNA, via specific nuclear encoded transcription and
elongation factors (Figure 1.4). Importantly, most of the mitochondrial proteins are
encoded in the nuclear DNA and are imported into the mitochondria after being
synthesized. These proteins are directed into the mitochondria via an amino-terminal
cleavable targeting signal, through mitochondrial translocase TIM23. Here, imported
proteins are assembled inside the mitochondrial matrix and are later sorted to their relevant
location, either mitochondrial matrix, or the IMM (66, 67).

11
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Figure 1.4 Cellular pathway of mitochondrial biogenesis signal. PGCla. is the master
regulator of mitobiogenesis and is a co-activator of gene expression in the nucleus.
Downstream of PGCla is NRF1/2 and TFAM that induce mitochondrial DNA replication
and protein synthesis to produce new mitochondrion (68).

1.7. ROS Formation and Defense Mechanisms

Oxygen has free outer shell electrons that are able to bond with other molecules since these
outer electrons are unpaired. Bonding with one electron at a time allows for the inertness
to produce reactive oxygen species (ROS) (69, 70). First electron transfer produces the
superoxide anion, second yields hydrogen peroxide, followed by hydroxyl radical and lastly
water molecule. Superoxide is unstable as it is quickly scavenged by mitochondrial
manganese (Mn)- superoxide dismutases (SODs). However, hydrogen peroxide is less
reactive and therefore can diffuse through organelle membranes such as mitochondria,

peroxisomes or ER (71). Overall, ROS scavenging systems aim to eliminate various ROS
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molecules, most importantly hydrogen peroxide, before these accumulate in different parts
of the cell (Figure 1.5).

Mitochondria and ROS

Main sites of ROS formation in the mitochondria are ETC complexes | and 111. Complex |
is the acceptor of electrons of NADH through its cofactor flavin mononucleotide. These
electrons are then passed to coenzyme Q (CoQ). In basal conditions, active respiration and
high ATP synthesis is couples with a low proton gradient. In this case, there is less hydrogen
peroxide formation and efflux through the membranes (72). In conditions where there is
high NADH but low ATP production (stress induced ETC interruption), there is
accumulation of superoxide from Complex I. Also, if reduced CoQ is highly abundant with
a high proton gradient, electrons flow back to Complex I from reduced CoQ. This gradient
enables formation of superoxide anions (73). To eliminate ROS produced mainly by
Complex | and I, superoxide is first converted into hydrogen peroxide by the
mitochondrial Mn-SOD. Besides, there is another type of SOD, which is referred to as the
copper-zinc (Cu-Zn)-SOD that resides in the intermembrane space. These two types of
SODs can be found in both mitochondria and peroxisomes (69, 74). As a next step,
hydrogen peroxide is further reduced by various enzymes, such as catalase, glutathione
peroxidase (GPx) and Peroxidase (Prdx). Catalase mostly resides in the peroxisomes and a
little in mitochondria (75). GPx and Prdx also function in the mitochondria (73, 76). GPx
is responsible for reduction of hydrogen peroxide and oxidation of glutathione. Glutathione
is then reduced further by glutathione reductase. These forms are more soluble in water and
more likely to be effluxed out of the cell (77). Moreover, Prdx enzymes also scavenge
hydrogen peroxide, with Prdx3 and 5 residing in the mitochondria (78).

Peroxisomes and ROS

Peroxisomes are mainly responsible for the a-oxidation or -oxidation of fatty acids, purine
metabolism or amino acid metabolism (74, 79). Enzymes involved in these processes are
called flavoproteins that usually require the transfer of electrons to oxygen. These reactions

again yield superoxide anions or hydrogen peroxide, which needs to be turned into less
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damaging forms such as water and oxygen, via the activity of catalase. In contrast to
mitochondria, where the transfer of electrons are coupled to ATP production by Complex
V, in peroxisomes, energy that is yielded during electron transfer produces heat (80).
Moreover, if the produced hydrogen peroxide is not eliminated by catalase, it will diffuse

into the cytosol and various other parts of the cell to be eliminated by cytosolic SODs (81).
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Figure 1.5 ROS metabolism and antioxidant enzymes. Cellular scavenging pathways to
eliminate mitochondrial and peroxisomal ROS (82).
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1.8. MicroRNAs and RNA-induced Silencing Complex

miRNAs are regulators of gene expression and are first discovered as long non-coding
RNAs of 20-22 nucleotides in C. elegans (83). miRNAs are transcribed by RNA
Polymerase Il and this initial product is referred to as primary miRNAs (pri-miRNAS). Pri-
miRNAs are further cleaved inside the nucleus to precursor miRNAs (pre-miRNAS) by
Drosha and DGCRS to have a hairpin structure. Pre-miRNAs are then transported into the
cytoplasm through a Ran-GTP dependent channel, Exportin 5. In the cytoplasm, hairpin
structured pre-miRNAs are further cleaved by Dicer, yielding a double-stranded miRNA
duplex. This duplex is processed to a single-stranded form and is loaded into the RNA-
induced silencing complex (RISC), that includes Argonuate proteins. From a single pre-
miRNA, two different mature forms can be made; -5p or -3p, named after the 5’ or 3’ arms
of the precursor. RISC detects and blocks target gene expressions via coupling the miRNA
to the target mRNA’s 3’ untranslated region (UTR). Seed sequence of the mature miRNA,
a sequence of 7 or 8 nucleotides, complementary to that of the target mRNA is enough to
obtain target suppression. This suppression can be done by inhibition of translation or
degradation of target mRNA (84-87).

RISC is a ribonucleoprotein complex that functions in gene silencing and nucleates on ER
membranes (88). RISC uses single-stranded miRs as a template to recognize
complementary mRNA sequences that will be targeted for silencing via transcriptional or
translational mechanisms (89, 90). While ER stress can induce significant changes in miR
profiles, how ER stress or IRE1 impact RISC function or RISC-mediated changes in gene

expression is not well-understood (91).

The RISC consists of several RNA-binding proteins (RNAbp) including Ribonuclease 111
(Dicer), Argonaute RISC Catalytic Component 2 (Ago2), transactivation response element
RNA-binding protein (TRBP) and double-stranded RNA-dependent protein kinase (PKR)
activator (PRKRA) or PKR activating protein (PACT) (Figure 1.6) (89, 90). Notably, what
happens to PACT-regulated miRNAs during cellular stress conditions that is unclear (92).
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PACT has been suggested to alter the maturation of miRs and miR loading to the RISC
(93-99). Both TRBP and PACT have been proposed to determine the proper length of a
subset of mMiRNAs (such as miR181c) and which strand in a miRNA duplex (such as pre-
miR-674) is loaded onto the RISC (100).

Microprocessing

& DGCR8
- Pri-miRNA
Pre-miRNA export ‘
5
, Pre-miRNA
Nucleus 3
Cl:-
Cytoplasm Exportin 5

l

Assembly of PACT)

miRNA-RISC 5 —fr e .

loading complex % @ Pre-miRNA
Dicer

Dicing, ‘ /'
strand selection, /V >
AGO loading
TRBP
—‘ | I miRNA duplex
Dicer
Active RISC ‘

5' 3 Mature miRNA

Figure 1.6 Canonical RISC functioning and subunits. Schematic depicting the
processing of pri-miRNA exported out of nucleus to be further processed by Dicer and
Ago2 complexes to reveal its mature form. Mature miRNA later blocks its target mMRNA
attached to Ago2 complex in the cytoplasm (101).
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1.9. PACT and Its Functions

Double-stranded RNAs (dsRNAs) are very crucial in fine-tuning cellular functions.
Importantly, dsSRNAs are the central players of miRNA, endogenous short-interfering RNA
(SIRNA) and piwi-interacting RNA (piRNA) biogenesis (102). Besides, dsSRNAs also
intermediates for the replication of RNA viruses. Therefore, it is vital for cells to determine
self and non-self dsSRNAs. Such differentiations are made via proteins that are specialized
to identify modifications on foreign dsRNAs such as 5’ triphosphate groups. Such proteins
that are responsible for detection of foreign dsRNAs are Toll-like receptors (TLRs) 3,4,
and 8, as well as Retinoic acid-inducible gene | (RIG-1), Melanoma differentiation
associated protein 5 (MDA5) and PKR (103). Notably, PACT is discovered to be an
activator of PKR during viral infection and ER stress, and later on shown to interact and
activate RIG-1and MDAJS as well (104, 105). It has been shown that PACT is constitutively
phosphorylated on Serine 246 and ER stress leads to PACT phosphorylation on Serines 18
and 287 by an unknown kinase (106-108). The phosphorylated PACT associates with
Protein kinase R (PKR), resulting in PKR activation and PKR-mediated phosphorylation
of eukaryotic initiation factor-2a (elF2a). This, in turn, results in general translational
attenuation (107, 109, 110). However, to date, the identity of the kinase that phosphorylates
PACT during ER stress remains unknown (Figure 1.7).

Domains of PACT

PACT has three double-stranded RNA binding domains (dsRBDs). These domains are
connected via linker regions (111, 112). Having more than one dsRBDs is evolutionarily
advantageous since it increases binding affinity and specificity (113). Between these three
domains, the first two bind to dsRNAs and are named A type dsRBDs, since dSRNA has
an A form helix with a deeper but narrower major groove compared to dsDNA (114). The
third domain is a type B dsRBD, and it does not interact with dsRNAs. This domain is
required for protein-protein interactions. PACT interacts with Dicer and PKR through its
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third domain (97, 112, 115-117) . It is also known that PACT forms heterodimers with
TRBP or homodimers with itself through the functioning of its third domain (109, 118).

Small RNA Biogenesis and PACT

PACT is directly and heavily involved in the RNA interference (RNAI) pathway as
mentioned above (Figure 1.5). RNAI serves to silencing of mRNAs transcriptionally or
translationally, through the use of short RNAs. Previous studies have shown that PACT
interacts with Dicer and Ago2 (93, 99, 115, 116, 119). It mainly partakes in pre-miRNA
processing and loading of targets to the RISC (93, 115). PACT is specifically involved in
optimizing RISC functioning, along with its interaction partner TRBP. PACT is thought to
be involved four aspects of RNAI activity; (i) loading of pre-miRNAs to RISC for Dicer
cleavage by its dsRNA affinity, (ii) aiding optimal cleavage of the substrate dSRNA by
Dicer by providing the proper orientation, (iii) unloading of the cleaved product from the
Dicer complex into Argonuate proteins and (iv) at the last step, determining the type of
dsRNA loaded into the Argonuate proteins. Therefore, depleting PACT from either Dicer
or Ago2 complexes is shown to decrease the maturation of certain miRNAs, as substrate

loading/unloading and affinity is disrupted (92, 96, 97).

PACT and Innate Immunity

As mentioned above, PACT can physically interact with several proteins that are involved
in innate immunity. It has been shown that PACT interacts and activates RIG-1 during
certain viral infections (104, 120, 121). RIG-I and Dicer has been shown to have similar
helicase domains that are from the same subfamily, however PACT’s interaction to these
two might be different, as there are no sequence homologies in the helicase insert domains
(122). The most well studied example of PACT mediated RIG-1 activation is in the context
of Sendai virus infection, where PACT activity induces interferon regulatory factor 3
(IRF3) and interferon-f expression. Similarly, during Ebola infection, it has been shown

that PACT overexpression downregulates viral replication (120).

18



Similarly, PACT also interacts and activated PKR. PKR is a kinase that inhibits general
translation through phosphorylating elF2a when active. This can occur during viral
infections or ER stress conditions. During these conditions, PACT interacts and changes
the conformation of PKR, to allow its autophosphorylation. Phosphorylated PKR is active

and can further phosphorylate its substrates to initiate downstream signaling cascades that
lead to apoptosis when prolonged (107).
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Figure 1.7 Domains and functions of PACT. PACT has two major roles in the cell, (a)
optimizing maturation of miRNAs by regulating Dicer and Ago2 functioning, and (b)
interacting and activating innate immune proteins like RIG-1 and PKR. (c) PACT has three
dsRBDs to interact with dsSRNA and its protein partners like TRBP (92).

1.10. miR-181c And Its Implication in Regulation of Mitochondrial

Dynamics

miR-181c has been studied extensively in cardiomyocytes and previously shown to be
imported into the mitochondria even though its encoded in the nucleus and directly targets
3’-UTR of mitochondrial Complex IV Subunit I (MTCO1) as well as mitochondrial ROS
production (123). In the same paper, it has been shown that miR-181c suppression of
MTCOL1 expression results in an increase in the other two subunits of Complex 1V, mt-
COX2 and 3. Therefore, miR-181c impacts mitochondrial ROS production via Complex
IV remodeling stemming from an imbalance between the subunits of this ETC complex
(124). Since Complex IV is heavily responsible for electron transport during oxidative
phosphorylation to produce ATP in the mitochondria (125), miR-181c targeting of MTCO1
directly impacts ROS production. Later on, a more mechanistic approach to decipher miR-
181c¢’s function in the mitochondria, another study showed that overexpression of miR-
181c causes an insult on Complex IV functioning and ROS production through increasing
the levels of calcium in the mitochondrial matrix. This increase in turn activates ETC
Complex 11l and leads to an increase in mitochondrial membrane polarization. Higher
membrane polarization and inhibition of MTCOL together induces ROS production (Figure
1.8) (124). Overexpression of the miR also causes heart failure and myocardial injury
stemming from ischemia-reperfusion as it is involved in regulation of oxidative stress
(124). This is mainly because heart tissue requires energy from oxidative phosphorylation
through electron transport (126). MTCOL is the major electron acceptor in Complex 1V
that resides in the IMM. Decrease of MTCO1 and Complex IV remodeling therefore will
obstruct optimal functioning of OXPHQOS and will yield less energy than needed for the

heart tissue.

20



Furthermore, other miR181 family members are implicated in mitochondrial disease
models. miR181a/b cluster has shown to target mitochondrial biogenesis through regulating
SIRT1, PGCla, NRF1 and multiple Complex IV subunits. It has been also shown that
miR181a/b increases both mitobiogenesis and mitophagy when downregulated. Same study
shows that in various disease models involving retina and optic neurons, inhibition of
miR181a/b protects from cell death and alleviates disease progression (127).

In another study focusing on the effects of insecticides on Parkinson’s disease (PD)
progression, miR181 is implicated to be involved in disease progression through regulating
similar pathways. In a PD cell line, this study shows that cell viability decreases together
with an increase ROS levels, apoptosis and inflammation. This phenotype was coupled to
an increase in miR181 levels. Supporting these, overexpression of miR181 promoted
disease progression, through inhibition of SIRT1/ PGC10o/NRF2 pathway (128). Therefore,
elevation of miR181 is also related to downregulation of mitobiogenesis in a wide spectrum

of contexts where mitochondrial functioning is crucial to produce energy.
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Figure 1.8 miR-181c signaling in the mitochondrial matrix. Nuclear encoded miR-181c
is imported into the mitochondria, where it targets and inhibits MTCO1 to result in
Complex 1V remodeling to result in ETC dysfunction and ROS production (129).
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1.11. Brown Adipose Tissue Activation and Mitobiogenesis

In mammals, white adipose tissue (WAT) stores fat and brown adipose tissue (BAT) is
mainly responsible for production of heat to the body during cold stimuli. In this context,
white adipocytes are able to store triglycerides as one large single lipid droplet whereas
brown adipocytes accommodate smaller and numerous lipid droplets around them (130).
Brown adipocytes have a significant number of mitochondria with uncoupling protein 1
(UCP1) expression. UCP1 uncouples OXPHOS from ATP production as it can shuttle
protons at the IMM (130). The generated energy is released as heat during cold exposure
as UCP1 expression is upregulated. Another type of adipose tissue, called inguinal white
adipose tissue (iWAT) consists of beige adipocytes, that are capable of expressing UCP1
and upregulate mitobiogenesis during cold exposure. Brown and beige adipocytes function
quite similar to one another, and they are responsible for thermogenesis during cold (131).
BAT is activated via the sympathetic nervous system and can achieve non-shivering
thermogenesis. During external stimuli, norepinephrine binds to the B3 adrenergic receptor
(B3-AR) on brown adipocytes to induce cyclic adenosine monophosphate (cCAMP) and
downstream signaling. Upon activation of this pathway, non-esterified fatty acids are
released from lipid droplets and directly activate UCP1 activity. This results in an increase
in mitochondrial fatty acid oxidation and production of heat (Figure 1.9) (130). This
signaling cascade is also crucial in WAT, B3-AR activation results in free fatty acids to be
used as fuels during fasting. Free fatty acids from WAT can actually activate sympathetic
nervous system and thus BAT activity, where a feed-forward loop is formed between WAT
and BAT (132).

As mentioned above, cold exposure or pharmacological stimulation of B3-AR in BAT
induces the cyclic adenosine monophosphate (CAMP) pathway, which in turn activates
PGCla and downstream UCP1 production. This activation leads to a pronounced

upregulation of mitobiogenesis that is coupled to thermogenesis in BAT and iWAT (133).
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Strikingly, PACT protein expression is nearly two-fold reduced in mouse brown adipose
tissue (BAT), upon cold-induced activation of mitochondrial biogenesis (mitobiogenesis)
(134-137). While other RNA binding proteins (RNAbps) have been reported to impact
adipocyte metabolism, activation and differentiation, PACT’s role in BAT has not been
investigated before (138-141). Both white and brown adipose tissue is a major source of
exosomal miRNAs in mice and humans (142). Partial Dicer-deficiency in BAT has been
shown to disrupt cold-induced thermogenesis (143). Several miRs have been identified to
play a role in either activation or inhibition of BAT and subsequent thermogenesis (144-
149). These studies collectively demonstrate the importance of miRNAs in BAT’s
physiological function and suggest that the observed reduction in PACT expression during
BAT activation could be relevant to miR-regulated gene expression changes that are needed
for BAT activation (134-137).

PACT and several other RNAbps were recently shown to be present in the IRE1
interactome (150). In this study, we show that IRE1 kinase can phosphorylate PACT. IRE1-
mediated phosphorylation of PACT results in the inhibition of mitobiogenesis, in part, by
controlling miR-181c levels. miR-181c targets key regulators of the mitobiogenesis
program such as NRF1, SIRT1 and TFAM. These findings demonstrate that even partial
loss-of-function of PACT in mice can significantly enhance 33-AR agonist-induced BAT
activation and subsequent mitobiogenesis induction. These findings further show that
PACT-deficiency in mice results in increased energy expenditure in mice. Strikingly,
PACT expression is also reduced in human hearts, where mitobiogenesis induction is
coupled to cardiac ischemia-reperfusion injury. Collectively, the data demonstrates that
PACT and PACT-regulated miR-181c are profound inhibitors of mitochondrial biogenesis

in mice and humans.
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Figure 1.9 Brown adipocyte activation. External stimulus such as cold exposure results
in the release and binding of norepinephrine to B3-AR that results in activation of AMPK
and downstream PGCla. Activated PGCla in turn upregulates the expression of
mitobiogenesis markers and most importantly UCP1 to induce heat production for
thermogenesis (151).

1.12. Mitochondrial Dynamics in Cardiac Ischemia/Reperfusion (I/R) Injury

Heart is the supply of oxygen for the tissues through the continuous perfusion of fresh
blood. During cases of arterial diseases, blood flow is restricted to the heart, leading to
cardiomyocyte death and ultimately blocking pumping of blood to organs (152-154). To
overcome this restriction of blood flow, the most common solution is bypass surgeries to
replenish perfusion (155). However, in vivo experiments now show that during the first few
minutes of reperfusion after surgery, cardiomyocytes show augmented cell death, as well
as dynamic changes in their mitochondria (156, 157). Molecular mechanisms underlying
this phenotype are shown to be an increase in ROS production and release, calcium
imbalance, lack of ATP production and most importantly mitochondrial dysfunction (158,

159). It is very important to decipher the mitochondrial mechanisms underlying I/R, since
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heart tissue highly relies on mitochondria for energy supply (160). During I/R injury,
mitochondria activate a quality control mechanism to cope with the stress to the heart tissue.
This adaptive response ensures maintenance of mitochondrial turnover, fusion, fission and
mitophagy (Figure 1.10) (157, 161). Specifically, damaged mitochondria are cleared by
mitophagy, and new mitochondria are made via mitobiogenesis to endure the required
energy demands (162, 163).

During I/R injury, fission is upregulated as mitochondrial damage is induced.
Phosphorylation of DRP1 at serine 637 is downregulated, which drives localization of
DRP1 to mitochondria to promote fission (164). Induced fission after I/R drives cytosolic
calcium overload and further aids cardiomyocyte apoptosis. Levels of mitochondrial fission
factor (MFF) are also enhanced after injury, and it has been shown that deletion of MFF in

this context block mtDNA damage and augments mitochondrial respiration (165, 166).

In the context of fusion, previous studies have shown that when induced, it can counteract
augmented fission to block fission-initiated apoptosis (167). Besides, since fusion favors
the long and tubular mitochondrial network formation, membrane potential is shared to
allow for a more efficient respiration as well as the recognition of damages parts easier
(168). An in vitro model of I/R injury has shown that deletion of MFN2 augments apoptosis
through a mechanism dependent on caspase-9 and Bcl-2 (169). Furthermore, double
deletion of mitochondrial fusion factor MFN1 and 2 resulted in an increase in UPR and
damaged mitochondria accumulation (170, 171). Supporting these findings, the other
fusion factor OPAL levels decrease upon I/R injury and its overexpression blocks fission
and cardiomyocyte apoptosis (167).

Importantly, clearance of damaged mitochondria is achieved by mitophagy, that is the
particular mechanism of mitochondrial autophagy. This mechanism drives the elimination
of anomalous mitochondria to prevent cellular dysfunction or death (172).
BCL2/adenovirus E1B 19 kDa protein-interacting protein 3 (BNIP3), FUN14 domain
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containing 1 (FUNDC1) and NIX are localized to the OMM. These receptors are
responsible for the initiation of mitophagy. Furthermore, PARKIN is another master
mediator of mitophagy signaling, where it is normally localized to the cytoplasm and is
translocated to the mitochondria when the membrane potential is not maintained.
Mitochondria that are destined to be cleared by mitophagy are engulfed by the
autophagosome through microtubule-associated protein 1A/1B-light chain 3 (LC3)
activation and eventually degraded by autophagosomal proteins (173, 174). During I/R,
PARKIN dependent mitophagy has shown to augment mitochondrial permeability
transition pore (MPTP) and this prompts the diffusion of membrane potential.
Consequently, reperfused hearts show increased necroptosis (175). Increased mitophagy

also results in a shortage of ATP production and this drives apoptosis (176).

As a fourth mechanism, during I/R injury has been shown to increase mitochondrial
biogenesis (157) that drives the decrease in myocardial infarct size (177-179). Here,
increased mitobiogenesis is coupled with a higher respiration capacity and ATP production
(178). Notably, nitric oxide synthase (NOS) activity is upregulated in this context and its
inhibition prevented the cardioprotective impact of mitobiogenesis (177, 178). This
mechanism is in fact related to a short-term attempt to cell survival and is called the
preconditioning after hypoxia or I/R. It has been shown that, via mimicking pre-
conditioning by diazoxide treatment, CAMP response element binding protein (CREB) is
upregulated, which is a key player in PGC1a driven mitobiogenesis (180). In line with these
findings, I/R injury has also been linked to a decrease in superoxide dismutase activity that
copes with ROS in the mitochondria, causing unusual levels of ROS (181, 182). Inducing
anti-oxidant enzymes of mitochondria like superoxide dismutase 2 (SODZ2) or glutathione
peroxidase-1 significantly prevents I/R mediated ROS production and cellular dysfunction
(183, 184). Therefore, mitobiogenesis not only aids in making new and functional
mitochondria after I/R injury, but also increases cell’s resilience to damage via

detoxification of ROS.
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Figure 1.10 Overview of mitochondrial quality control during I/R injury. Fission,
fusion, mitophagy and mitochondria-controlled cell death are upregulated to maintain
homeostasis in the heart tissue (185).
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1.13. Hypothesis and Study Aims

ER resident dual functioning kinase and endoribonuclease IRE1’s RNase function and
downstream signaling has been extensively studied in the literature (186, 187). However,
it’s kinase activity and substrates are not well known. From an IRE1 interactome data
previously published (188), | screened possible IREL kinase targets for their interaction
with IREL in vitro. From this, | have found one possible target, PACT, that is known to be
phosphorylated during early stages of ER stress (106), and the kinase responsible for its
phosphorylation was not known. Therefore, | first hypothesized that PACT is a kinase
substrate of IRE1 and through immunoprecipitation of endogenous PACT and IREL, |
showed that IRE1 interacts with PACT. Furthermore, genetic deletion or small molecule
inhibition of kinase activity of IRE significantly downregulated ER stress induced protein
levels of PACT, showing that IRE1 is a regulator of PACT. In the next step, in vitro Kinase
assays revealed that PACT is a kinase substrate of IREL.

In order to decipher the biological consequence of PACT phosphorylation by IRE1, I next
turned my attention to inter-organelle signaling. Since ER and mitochondria are in close
physical contact (42), | first sought to determine PACT’s impact on mitochondrial
energetics and biogenesis. By using plasmid overexpression or silencer (si)-RNA mediated
knock-down, | was able to show that PACT is a suppressor of mitobiogenesis and oxidative
phosphorylation. To understand the exact mechanism by which PACT exerts its effects on
mitochondria, | next looked at mitochondrial miRs, since PACT is known to regulate miR
biogenesis and maturation (92). | found that PACT regulates the mature levels of miR-
181c, which is known to localize to mitochondria target and inhibit MTCO1, as well as
augment ROS production (123, 124). Silencing or overexpression of PACT regulated pre-
and mature miR-181c levels. Notably, phosphorylation mutant of PACT was not able to
regulate mitobiogenesis or miR-181c maturation, suggesting that IRE1 phosphorylation on
PACT is crucial for its impact on mitochondrial dynamics. It was also crucial to investigate
IRE1’s miR targets, since it’s known to regulate miR maturation through its RNase domain

(19, 189). The rationale for this was to confirm whether miR-181c is also an IREL1 target or
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not. miR-181c was not a target for IRE1, however | found multiple important miRs that are
significantly regulated by IRE1. One such miR was miR-2137, that significantly increased
during ER-stress and reduced upon IRE1 deletion or inhibition of its RNase domain in vivo
and in vitro, suggesting that IRE1 controls the maturation of numerous miRs directly

through its RNase activity or through the activity of its kinase targets such as PACT.

To base the hypothesis of IRE1-PACT-miR-181c signaling on an in vivo model, | next
switched to brown adipose mitobiogenesis, since brown adipose tissue is known to have a
high density of mitochondria and can further upregulate mitochondrial mass when activated
upon external stimuli (130). To test whether PACT in important for brown adipose tissue
mitobiogenesis, | exploited primary adipocyte culture in vitro and brown adipose activation
under pharmacological stimulation in vivo and looked and mitobiogenesis markers. Once
again | observed that partial knock-out of PACT in a mouse model augments
mitobiogenesis of brown adipose tissue and UCP1 production, which is a hallmark of
brown adipose activation (60). Furthermore, metabolic parameters of mice that are PACT
haplo-insufficient are significantly higher than the wild-type controls, as seen from energy
expenditure, CO2 production and oxygen consumption. Overall, this study shows that
PACT is a mediator of inter-organelle communication and is a suppressor of
mitobiogenesis. Activated IRE1 upon lipid or ER stress interacts and phosphorylates
PACT, which in turn increases miR181c maturation and subsequently suppresses
mitobiogenesis through PGC1a-TFAM-NRF1 pathway (Figure 1.11).
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Figure 1.11 Graphical Abstract. Schematics of IRE1-PACT-miR181c signaling.

30



2. CHAPTER 2. MATERIALS AND METHODS

2.1. Materials

2.1.1. Reagents

General laboratory use chemicals and reagents are summarized in Table 2.1.

Table 2.1. Reagents and Chemicals

Reagent

Company and Catalog Number

Amersham Prime ECL Western
Blotting

Detection Reagent

GE Healthcare, RPN2236

B-mercaptoethanol

Sigma, M3148-100ML

Acrylamide %40 solution

Biorad, 1610146

Glycine

Santa Cruz, sc-29096C

Bovine Serum Albumin

Goldbio, A-420-1

Fluoroshield Mounting Medium
with DAPI

Abcam, Ab104139

DC Protein Assay Reagent

Page Ruler Prestained Protein
Ladder

Protease Inhibitor Cocktail EDTA
Free

Phosphatase Inhibitor Cocktail 3
PVDF Transfer Membrane
Nitrocellulose Transfer
Membrane

Chloroform

Biorad, 5000116
Thermo Fisher Scientific, 26620

Sigma, P8340-5ML
Sigma, P0044
Pierce-Thermo Scientific, 88518

VWR, 27376-991

Sigma, 24216
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Reagent Company and Catalog Number
Absolute Ethanol Sigma, 32221

Methanol Sigma, 32213

Triton-X Sigma, 9036-19-5

Trisure Bioline Bio, 38033

Tris Base Sigma, T1503

EDTA Sigma, E9884

Ammonium Persulfate (APS) Sigma, A3678

OCT Compound-Tissue Tek

Dimethyl Sulfoxide (DMSO)
CL-316,243

4u8c

AMG-18

KIRA-6

Palmitic Acid (PA)

Hematoxylin and Eosin Stain Kit

Fatty Acid-Free Bovine Serum
Albumin

Lambda phosphatase
Tunicamycin
Thapsigargin

Polyethylinimine (PEI)

Electron Microscopy
Sciences, 62550
Sigma, D8418

Sigma, C5976

Calbiochem, 412512

R&D Systems, 6166/5
Cayman Chemical, 19151
Sigma, P0500-25G

Vector Laboratories, H-3502

Sigma, A7030-100G

Santu Cruz, sc-200312
Santa Cruz, sc-3506
Santa Cruz, sc-24017A

Polysciences, 23966
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https://www.sigmaaldrich.com/US/en/product/sial/e9884

Reagent

Company and Catalog Number

MitoSOX™ Red Mitochondrial
Superoxide Indicator
MitoTracker® Green FM —
Special Packaging

PowerUP Sybr Green

Revert Aid First Strand Cdna
Synthesis Kit
Cremophor EL

ATP-y-S
p-Nitrobenzyl mesylate, PNBM

ERN1 human recombinant
protein

Recombinant PACT protein
Thioglycolate Solution
Sucrose

Kapa Mastermix

Invitrogen, M36008

Invitrogen, M7514

Applied Biosystems, A25742

Thermo Scientific, K1691

EMD Millipore, 238470
Abcam, ab138910
Abcam, ab138910

SignalChem, E31-11G

Novus Biologicals, NBP2-51787
Sigma, 70157
Sigma, S0389

Fisher Scientific, NC0597884
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2.1.2. Cell Culture Reagents

Reagents and media used for cell culture experiments are summarized in Table 2.2.

Table 2.2. Cell Culture Reagents

Reagent Company and Catalog Number

L-Glutamine Thermo Scientific, 25030081

Dulbecco’s modified Thermo Scientific, 11995073
Eagle’s Medium
(DMEM)

Phosphate Buffer Thermo Scientific, 14-190-250
Saline (PBS)

Fetal Bovine Serum R&D Systems, S12895
(FBS)

Penicillin/Streptomycin | Thermo Scientific, 10378016
(P/S)

Roswell Park Thermo Scientific, 11-875-093
Memorial Institute
(RPMI)-1640

mirVana miR negative | Thermo Scientific, 4464059

control mimic

mirVana-miR-181c-5p | Thermo Scientific, 4464067, Assay ID: MC10181
mimic

mmu-PRKRA silencer | Thermo Scientific, AM-16708

Neon Electroporation | Thermo Scientific, MPK10096

System
Trypsin Thermo Scientific, 25-200-056
miScript inhibitor Qiagen, 1027272

negative control
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Reagent Company and Catalog Number
anti-hsa-miR-181c Qiagen, MIN0O000674, Product no: 219300
inhibitor

PACT siRNA Qiagen, S100054761

All-star negative
control scrambled
SiRNA

2.1.3. Antibodies

Qiagen, 1027281

Antibodies used in this study and their working conditions are summarized in Table 2.3

Table 2.3. Antibodies and Working Conditions

Antibody Company Catalog Number | Working
Condition

pIRE1 (phsopho-S724) Abcam ab124945 o/n 4°C
IRE1 Cell Signaling 3294 o/n 4°C
Thiophosphate Ester Antibody Abcam ab133473 o/n 4°C
B-Actin-Horse Radish Peroxidase | Santa Cruz 47778 1hrRT
PACT Abcam ab31967 o/n 4°C
PACT Proteintech 10771-1-AP o/n 4°C
OXPHOS Rodent Antibody Abcam ab110413 o/n 4°C
Cocktail

PGCla Abcam ab54481 o/n 4°C
Normal Rabbit IgG Cell Signaling 2729S 1hrRT
TFAM Proteintech 22586-1-AP o/n 4°C
TOMT70 Proteintech 14528-1-AP o/n 4°C
GRP75 Antibodies Inc. 75-127 o/n 4°C
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NRF1 Santa Cruz sc-33771 o/n 4°C

UCP1 Santa Cruz Sc-6528 o/n 4°C
Secondary-1gG-Mouse SeraCare 5220-0341 1hrRT
Secondary-lgG-Rabbit SeraCare 5220-0337 1hrRT

2.1.4. Solutions

Solutions used in this study are summarized in Table 2.4.

Table 2.4. Solutions

Buffer Composition

10X SDS Running 30g Tris Base, 144g Glycine, 10gr SDS, 1L dH>O
Buffer

10X Transfer Buffer | 30g Tris Base, 144g Glycine, 1L dH,0

Blocking solution 2.5 g Bovine Serum Albumin or milk is dissolved in 50 ml 1X
(5% (w/v) milk or TBS-T.
BSA)
10X TBS 80 g NaCl
24.2 g Trizma Base

adjust pH 7.6 with 1N HCI
adddHOto1 L

1X-TBS-T 450 ml ddH20, 50 ml TBS, 500 ul Tween-20

10X PBS 80 g NaCl, 2 g KCl and 15.2 g sodium phosphate dibasic dehydrate
to 1L dH20, pHto 7.4

HBS Buffer for 21 mM commercial HEPES (pH; 7.05), 137 mM NaCl,5 mM KCl,

Electroporation 0.7 mM NazHPO4, 6 mM Glucose. Filter and keep at 4°C.

(Instead of R Buffer)

15% Resolving Gel | 5 5 m| 1.5 M Tris-HCI, pH: 8.8
3.54 ml dH0
3.75 ml 40% Acrylamide mix
100 pl 10% SDS
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Buffer

Composition

10% Resolving Gel

12 % Resolving Gel

9 % Resolving Gel

8 % Resolving Gel

5 9% Stacking Gel

100 pl 10% Ammonium persulfate
10 pl TEMED

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

2.5 ml 40% Acrylamide mix

100 pl 10% SDS

100 pl 10% Ammonium persulfate
10 pl TEMED

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

3 ml 40% Acrylamide mix

100 pl 10% SDS

100 pl 10% Ammonium persulfate
10 pl TEMED

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

2 ml 40% Acrylamide mix

100 pl 10% SDS

100 pl 10% Ammonium persulfate
10 pl TEMED

2ml 1.5 M Tris-HCI, pH: 8.8

4.2 ml dH20

1.6 ml 40% Acrylamide mix

80 ul 10% SDS

80 pul 10% Ammonium persulfate
8 pul TEMED

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

1 ml 40% Acrylamide mix

100 pl 10% SDS

100 pl 10% Ammonium persulfate
10 pl TEMED
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Buffer

Composition

0.5 M Tris-HCI (pH:

6.8)

1.5 M Tris-HCI (pH:

8.8)

HBSS

6X Laemmli SDS
Loading Buffer
(50 ml)

30.3 g Tris Base

800 ml ddH20

adjust pH to 6.8 with 1 N HCI
add dH20 to 500 ml

90.8 g Tris Base

800 ml ddH20

adjust pH to 8.8 with 1 N HCI

add dH»0 to 500 ml
8 g NaCl

400 mg KClI

140 mg CaCl;

100 mg MgSO4-7H20
100 mg MgCl,-6H,0

60 mg NazHPO4-2H,0
60 mg KH2PO4

1g Glucose

350 mg NaHCOs3

6 g SDS

23,5 ml glycerol

0.01% bromophenol blue
6 ml 0.5 M Tris HCI, pH: 6,8

10,5 ml dH20
10% 2-mercaptoethanol

Phospholysis Buffer | 50 mM HEPES (pH: 7.9), 100 mM NaCl, 4 mM Tetra Sodium
pyrophosphate (NasP207), 10 mM EDTA, 10 mM NaF, 1% Triton,
Add Phosphatase Inhibitor Cocktail 3 and Protease Inhibitor Cocktail
(10uM/ ml) before use.

25 mM NaOH

0.2 mM Na:EDTA.2H:0

pH 12 (do not adjust)

Alkaline Lysis
Buffer

Neutralization
Buffer

40 mM Tris-HCL (242.28 g)
pH 12 (do not adjust)
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Buffer

Composition

TAE buffer (50X)

2.1.5. Primers

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 volumeto 1 L

Primers are listed in Table 2.5.

Table 2.5. Primers

Hsa/Mmu_PACT _F:

5’-CAGCGGGACCTTCAGTTTG-3’

Hsa/Mmu_PACT _R:

5’-GCACATCGGATCTTTCACATTCA-3’

Mmu Pgcla F: 5’-TATGGAGTGACATAGAGTGTGCT-3’
Mmu_Pgcla_R: 5’-CCACTTCAATCCACCCAGAAAG-3’
Mmu_Tfam_F: 5’- ATTCCGAAGTGTTTTTCCAGCA-3’
Mmu_Tfam_R: 5’- TCTGAAAGTTTTGCATCTGGGT-3’
Mmu_Ucpl_F: 5’-CACCTTCCCGCTGGACACT -3’
Mmu_Ucpl_R: 5’-CCCTAGGACACCTTTATACCTAATGG-
3>
Mmu_Gapdh_F: 5’-ATTCAACGGCACAGTCAAGG-3’
Mmu_Gapdh_R: 5’-TGGATGCAGGGATGATGTTC -3’
Hsa_GAPDH_F: 5’- GGAGCGAGATCCCTCCAAAAT-3’
Hsa_GAPDH_R: 5’- GGCTGTTGTCATACTTCTCATGG -3°

Hsa_mt Min Arc_F:

5’-CTAAATAGCCCACACGTTCCC-3’
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Hsa mt Min Arc_R: 5’-AGAGCTCCCGTGAGTGGTTA-3’
Hsa_mt Maj Arc_F: 5’>-CTGTTCCCCAACCTTTTCCT-3’
Hsa_mt Maj Arc_R: 5’-CCATGATTGTGAGGGGTAGG-3’
Hsa_B2M_F: 5’-TGGGTAGCTCTAAACAATGTATTCA-3’
Hsa_B2M_R: S’CATGTACTAACAAATGTCTAAAATGGT-
3
Mmu_Cox1_F: 5’-TCGCCATCATATTCGTAGGAG-3’
Mmu_Cox1 R: 5’>-GTAGCGTCGTGGTATTCCTGA-3’
Mmu_Nd4_F: 5>-TTATTACCCGATGAGGGAACC-3’
Mmu_Nd4_R: 5’-GAGGGCAATTAGCAGTGGAAT-3’
Mmu_ApoB_F: 5’-CGTGGGCTCCAGCATTCTA-3’
Mmu_ApoB_R: 5’>-TCACCAGTCATTTCTGCCTTTG-3’

2.1.6. Plasmids and Cell Lines

Prkra’” and Prkra** (wild type; WT) mouse embryonic fibroblasts (MEFs) and pCMV-
PACT-3X Flag plasmid were a kind gift from Dr. Ganes Sen (Cleveland Clinic, Department
of Inflammation and Immunity, Cleveland) (190). Human embryonic kidney (HEK293T)
cells were from American Type Culture Collection (ATCC) (CRL-3216).

2.1.7. Transgenic mice

Prkra’ mice sperm was obtained from Jackson Laboratory, deposited from Dr. Ganes Sen’s
laboratory. Prkra*- mice or wild type littermates were used in isolation of brown adipose

tissue for primary brown adipocyte cell culture and for injection of CL316,243.
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2.2. Methods

2.2.1. Study Design

In vitro experiments were done in triplicates with at least three independent repeats on
separate times. Quantitative real time polymerase chain reaction (QRT-PCR) analysis was
performed in triplicate/quadruplicates and replicated at least in three independent

experiments.

For in vivo experiments, the only elimination criteria were health related (such as more
than 20% weight loss, fighting and injury) and in compliance with the approved IACUC

protocol.

2.2.2. Cell Culture and Transfections

MEFs and HEK293T cells were grown in DMEM supplemented with 10% FBS and 1% L-

glutamine in a humidified, 5% carbon dioxide incubator at 37°C.

Isolation of Peritoneal Macrophages: C57BL/6 mice were injected with %4 Thioglycollate

(Sigma, 70157) and peritoneal macrophages were collected 5 days after injection as
described earlier (191).

Primary BAT and iWAT culture and differentiation: The stromal vascular fraction from

BAT and iWAT of 6-8 weeks old mice were obtained by collagenase digestion, as
previously described (192). Briefly, the digested tissue centrifuged at 700g for 10 minutes.
The pellet was resuspended in Culture Medium (10% FBS, 1% Pen-Strep DMEM) and
filtered through a 70-pum cell strainer (BD BioSciences; 352350). Cells were centrifuged
again at 700g for 10 min and plated in the same medium. After reaching confluence (day
0) cells were placed in the differentiation induction medium (DMEM with 10% FBS, 1%
Pen-Strep, 5 pg/ml insulin (Sigma-Aldrich; 1-0516),1 nM triiodo-L-thyronine (T3; Sigma-
Aldrich; T-2877), 2 pg/ml dexamethasone (Sigma-Aldrich; D-1756), 0.125 uM
indomethacin (Sigma-Aldrich; 1-7378), 0.5 mM IBMX (Sigma-Aldrich; 1-5879), and 1 uM
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rosiglitazone (Sigma-Aldrich ;R-2408)). On day 2, cells were placed in the maintenance
medium (DMEM with 10% FBS, 5 pg/ml insulin, and 1 nM T3) and were used on days 6-

7 upon complete maturation.

Plasmid Transfection: Plasmids were transfected with PEI into 80% confluent cells.

Silencer RNA (siRNA), miRNA (mimic or inhibitor) electroporations: HEK293T or MEF
cells were electroporated with PACT siRNA (100 nM) or all-star negative control
scrambled siRNA (100 nM), mirVana-miR-181c-5p mimic (100 nM), scrambled miR (100
nM), miR-181c-5p antagomiRs (100 nM) and scrambled antagomiR (100 nM) using the

Neon electroporator (Thermo Scientific) and manufacturer-provided electroporation
conditions for different cell types, as described earlier (186). 24 or 48 hours after

electroporation, cells were treated with 500 pM PA.

A phosphatase treatment: Cell lysates were incubated with A phosphatase (New England
BioLabs; P0753S) at 30°C for 30 min. After incubation, SDS loading buffer was added,

and the samples were boiled at 95°C for 5 minutes to analyze proteins.

2.2.3. Inhibitor Treatments

When indicated, 10 uM of KIRA-6, 5 uM of AMG-18 or 100 uM of 4u8c were used to

inhibit IRE1 kinase or RNase activity, respectively.

2.2.4. Palmitate (PA)-BSA Complex Preparation and Treatment

PA was dissolved in absolute ethanol to get a stock concentration of 500 mM and stored
at —80°C. Stock PA was dissolved in %1 fatty acid-free bovine serum albumin (BSA) and
RPMI medium, and heated at 55°C for 15 minutes to achieve a suspension (final working
concentration was 500 uM) (193).
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2.2.5. Animals

All procedures were approved by the Institutional Animal Care and Use Committee
(IACUC) of Cedars-Sinai Medical Center. Mice were housed at 22°C with a 12 hr light/12
hr dark cycle and fed with regular Chow diet. Sperm of Prkra” mice was purchased from
Jackson Laboratories and mice were redrived at the Cedars-Sinai Medical Center Animal

Models Core Facility. Age matched C57BL/6J littermates were used as controls.

2.2.6. Toe Numbering and Genotyping for Prkra’ mice

Pups were numbered by cutting toes at day 8 of age. Toes were incubated in 95°C with
Alkaline Lysis Buffer for 1 hour and neutralized with equal volumes of Neutralization
Buffer to extract DNA. PCR was performed with cycling conditions and primers stated

below.

Table 2.6. Primers and PCR Details for Genotyping

Cycling conditions 4 min 95°C
30sec 95°C
30sec 60 °C 30cycles
40sec 72°C
4 min 72°C
Primers PRKRA %' tct ctt cag att ccg tca act ttc
PRKRA 3 aca ttc atc aca agc ctc aacac
PRKRA neo gcc gaa tat cat ggt gga aaa
PCR mix 1 pL of each primer+5 pL of Kapa Mastermix+2 pL of DNA

2.2.7. RNA Isolation and gRT-PCR

Total cellular RNA was isolated by TRIsure Reagent and reverse transcribed by using
RevertAid First strand cDNA synthesis Kitto complementary deoxyribonucleic acid
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(cDNA), according to manufacturer’s protocol. cDNAs were amplified using specific
primers and the Power-Up-SYBR green. miScript 11 RT kit (Qiagen; 2128160) was used
for miR conversion to cDNA. miScript primer assay for mature miR-181c-5p
(MS00032382), premiR-181c (MP00004424) and RNU6-2 (MS00033740) were from
Qiagen. miR expression analysis was performed using miScript Quantitec SYBR green kit
(Qiagen; 204143). Gene expression was quantified using the relative threshold AACt
method: AACt=(primer efficiency)(—AACt), where AACt means ACt (target gene) —ACt
(reference gene), as previously described (194).

2.2.8. Protein Lysates, SDS/PAGE Electrophoresis, Transfer and Western
Blotting

Cell were lysed in Phospho-Lysis Buffer (PLB) (50 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) pH:7, 100 mM NaCl, 10 mM
Ethylenediaminetetraacetic acid (EDTA),10 mM sodium fluoride (NaF), 4 mM Tetra
sodium pyrophosphate (NaPP), 1% TritonX-100, 1x phosphatase inhibitor mixture, 1x
protease inhibitor mixture). Lysates were cleared with brief centrifugation for 10 minutes
at 8000 g, normalized and boiled at 95°C after addition of 5x sodium dodecy!l sulfate (SDS)
loading dye. Proteins were then loaded to SDS/PAGE gels and transferred to PVDF
membranes. Blocking and primary/secondary antibody incubation were carried out in 5%
(w/v) dry milk or BSA (in tris-buffered saline buffer with 0.1% Tween-20 (v/Vv)).
Membranes were developed in ECL prime reagent (Amersham; RPN2236) and images
were captured with ChemiDoc Imager (BioRad). Blots shown are representative of three

or more experiments.

2.2.9. Immuno-precipitation

Protein G Magnetic Beads (Bio-Rad; 1614023) were blocked with 2% BSA-PBS for 1 hour

at 4°C and coated with specific antibodies for IRE1, PACT or rabbit immunoglobulin-G
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(1gG) (control antibody) while rotating overnight. The antibody-coated beads were washed
with PLB three times before incubating with protein lysates from HEK293T cells
overnight. The antibody-conjugated beads were then washed three times to remove
unbound protein and boiled with SDS Buffer at 95°C for 5 minutes prior to loading onto
SDS/PAGE gels.

2.2.10. IRE1 Kinase Assay

250 ng of recombinant active IRE1 and PACT proteins were incubated in IRE1 kinase
buffer (SignalChem; K01-09) at 30°C for 45 minutes with 100 uM ATP-y-S. Samples were
then incubated at 24°C for 1 hour with p-Nitrobenzyl mesylate to alkylate the kinase
substrate, as described (195). Finally, samples were boiled in SDS loading buffer at 95°C
prior to loading onto SDS/PAGE gel.

2.2.11. Site Directed Mutagenesis

3X-Flag tagged WT PACT plasmid was used as template for site directed mutagenesis PCR
and Phusion High-Fidelity DNA Polymerase (M0530S) was used to introduce mutations to
the target sites. Reaction buffer composition is summarized in Table 2.7 and PCR
conditions are described in Table 2.8.

Table 2.7. Site Directed Mutagenesis Reaction Buffer

Reagent For 50 pul Final Concentration
Nuclease-free water to 50 pl

5X Phusion HF or GC Buffer | 10 pl 1X

10 mM dNTPs 1pl 200 uM

10 uM Forward Primer 2.5 ul 0.5 uM

10 uM Reverse Primer 2.5 ul 0.5 uM
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Template DNA variable <250 ng
DMSO (optional) (2.5 pul) 3%
Phusion DNA Polymerase 0.5l 1.0 units/50 pl PCR

Table 2.8. PCR cycle conditions

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

2.2.12. Phospho-Proteomics Analysis

Proteins were immunoprecipitated after an in vitro kinase reaction using 6 pg of
recombinant hPRKRA (Novus Biologicals; HO0008575-P01) and hERN1 (Signalchem;
E31-11G) proteins via the methanol-chloroform precipitation methods, as described (196).
Pellets were dried and dissolved in 8 M urea/100 mM triethylammonium bicarbonate
(TEAB) (Thermo Scientific; 90114), pH 8.5. Proteins were reduced with 5 mM tris (2-
carboxyethyl) phosphine hydrochloride (Thermo Scientific; T2556) and alkylated with 10
mM chloroacetamide (Sigma Aldrich; 22790). Proteins were digested at 37°C in 0.8 M
urea/100 mM TEAB, pH 8.5, sequentially with 500 ng Trypsin (Promega; VV5111) for 17
hours, followed by 500 ng Endoproteinase GluC (NEB; P8100S) for 4.5 hours. Digestion
was quenched with formic acid (5% final concentration). The digest was injected directly
onto a 20 cm, 100 pum ID column packed with BEH 1.7 um C18 resin (Waters; 186005225).
Samples were separated at a flow rate of 400 nl/minutes 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 minutes, an increase to 40% B

over next 20 min, an increase to 90% B over another 10 minutes and a hold at 90% B for
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the final 10 minutes was used for a total run time of 140 minutes. 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 (197) and searched with ProLuCID (198) against a concatenated
database comprising of amino acid sequences from vendors for hPRKRA, hERN1 and
Endoproteinase  GIuC, sf9 cell proteome compiled from RNAseq data
(https://bioshare.bioinformatics. Ucdavis .edu/bioshare/view/sf9prot/#) and UniProt
reference proteome of Escherichia coli K12 (UP000000625). The search space included all
fully-tryptic and half-tryptic peptide candidates. 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 (199) and utilizing a target-decoy database search strategy
to control the false discovery rate at 1%, at the spectrum level (200). A minimum of 1
peptide per protein and 1 tryptic end per peptide 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 (201).
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2.2.13. SeaHorse Mito Stress Test

MEFs were cultured in X 96-well cell culture microplates (Agilent; 103730-100) at a
density of 1x10* cells per well in 200 pL of appropriate growth medium and incubated for
24 hours at 37°C under 5% CO, atmosphere. One day before starting the assay, XF sensor
cartridges were hydrated by adding 180 pL of X Calibrant buffer to each well in the XF
utility plate, the XF sensor cartridges were placed on top of the utility plate and incubated
at 37°C incubator without CO- overnight. Media in the cell culture plate was removed on
the day of the assay and each well was washed once with Seahorse X Assay Medium (1%
L-glutamine, 1% sodium pyruvate, 1.8 mg/ml D-glucose, pH: 7.4, in Sea Horse XF DMEM
Medium (Agilent; 103575-100)). 180 pL fresh SeaHorse assay medium was added onto
each well and the plate was incubated at 37°C incubator without CO2, while the three
inhibitors are loaded to the cartridge and the X™ 96-well plate. The inhibitors used in Mito
Stress Test Kit (Agilent; 103015-100) to measure OCR were ATP synthase inhibitor
oligomycin (1 pM), mitochondrial uncoupler Carbonyl cyanide-4 (trifluoromethoxy)
phenylhydrazone (FCCP, 1 uM) and a mixture of Complex I inhibitor Rotenone and
Complex III inhibitor Antimycin A (1 puM). These three compounds were injected
consecutively and OCR values with different parameters of respiration were measured with
Mito Stress Test Kit.

2.2.14. SeaHorse Mitochondrial Fuel Flex Test

Capacity and dependency for fatty acid oxidation, glutamine, and pyruvate were measured
with SeaHorse Fuel Flex Kit (Agilent; 103260-100) via injection of Etomoxir (2 uM), Bis-
2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl) ethyl sulfide (BPTES) (3 uM) and UK5099 (4
1M), respectively. Oxygen consumption rate (OCR) was measured using a Seahorse X™96.
Capacity and dependency on these pathways were calculated by using SeaHorse fuel flex

report generator.

48



2.2.15. MitoTracker Staining

MitoTracker Green FM (Invitrogen; M7514) was used to stain mitochondria according to
the manufacturer’s protocols. Cells were fixed with 4% paraformaldehyde (PFA), mounted
onto slides with Fluoroshield Mounting Medium with DAPI (Abcam; abl104139),
visualized with Leica TCS SP5 X Confocal Microscope, and images were analyzed in
ImageJ software.

2.2.16. mtROS Measurement

Mitochondrial ROS was assessed by incubating the cells with 5uM mitoSOX red
(Invitrogen; M36008), followed by flow cytometry analysis. ROS levels were quantified
as the mean fluorescence intensity (MFI) using BD Fortessa (BD Biosciences) and

FACSDiva software with compensation controls acquired on the same day.

2.2.17. Assessment of mtDNA Copy Number

Cells were scraped into the DNA Lysis Buffer (10mM NaCl, 20mM Tris pH:6, 1mM
EDTA, 10% SDS) and incubated at 37°C for 2 hours. UltraPure
Phenol:Chloroform:Isoamyl Alcohol (Thermo Scientific; 15-593-031) was added to induce
phase separation (at 12000 g for 15 min). The DNA containing, transparent upper phase
was collected into a new tube, mixed with chloroform and centrifuged (at 12000 g for 5
minutes). The clear upper phase was collected to a new tube and DNA was precipitated by
the addition of absolute ethanol containing sodium acetate (1/10 volume) followed by
centrifugation (at 12000 g for 20 minutes). The precipitated DNA was dissolved in water.
DNA (0.2 pg) was amplified using nuclear- or mitochondria-encoded genes-specific
primers and the Power-Up-SYBR green (Applied Biosystems; A25742). mtDNA: nucDNA
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ratios were calculated by normalizing results of mitochondria-encoded gene to nuclear-

encoded gene.

2.2.18. Mitochondrial Enrichment

Cell were homogenized in mitochondrial isolation buffer (250mM sucrose, 1mM EDTA,
10mM HEPES, pH 7.4) containing inhibitors 1x phosphatase inhibitor cocktail 3 and 1x
protease inhibitor cocktail by running through 27.5 g needle three times. Nucleus and
unbroken cells were eliminated by low-speed spin (600 g, 4°C, 5 min). A small portion of
the supernatant was saved (cell lysate; CL) and the rest was centrifuged (7,000 g, 4°C, 15
min) to obtain the final mitochondria-enriched pellet and supernatant (cytosol; Cyto). The
mitochondria-enriched pellet was resuspended in isolation buffer and centrifuged (7,000 g,
4°C, 5 min) as a final wash. The pellet was resuspended in cold PLB with inhibitors. Protein
concentrations are measured with DC Protein Assay Kit Il (Bio-Rad; 500-0112).
Normalized samples are boiled in SDS loading dye at 95°C for 5 minutes before loading
on SDS/PAGE gels. After separation according to protein molecular weights on these gels,
samples were transferred to nitrocellulose membranes. Membranes are then stained with
Ponceau S. solution (Sigma-Aldrich; P7170-1L), washed with distilled water and imaged,

as equal loading control.

2.2.19. CL-316,243 Treatment

For in vivo experiments, CL-316,243 (1 mg/kg body weight) or a vehicle control sterile
saline was injected intraperitoneally once a day for 6 days. Mice were sacrificed 24 hours
after the last injection. Adipose tissue depots, IWAT and BAT were harvested for protein,

DNA, RNA, and histological analyses.
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2.2.20. Metabolic Cages

Mice were single housed in the Phenomaster System (TSE Systems) for a total of 3 days
with a 24-hour acclimation period. During the 48 hours of data collection, airflow,
temperature, oxygen and carbon dioxide content, oxygen uptake (VO>), carbon dioxide
production (VCOy), food, water intake and locomotor activity were measured
simultaneously. Energy expenditure and respiratory exchange ratio were calculated
automatically from the VO, and VCO,. Data were collected with the instrument software

and exported to Excel.

2.2.21. EchoMRI

Whole body composition of mice was detected via the EchoMRI system (EchoMRI, LLC),
for fat and lean mass. Animal was placed in a clear plastic holder without anesthesia. The
holder was then inserted into the tubular space of the EchoMRI system for the animal to be

scanned.

2.2.22. Histological Analysis

Brown adipose tissues were fixed for 24 hours at room temperature (RT) in PBS containing
4% paraformaldehyde. Following sucrose gradient to cryopreserve the tissues, they were
embedded in optimal cutting temperature (OCT) Compound. Tissue sections (8 pwm) were

used for hematoxylin and eosin (H&E) staining.
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2.2.23. In vitro DICER or IRE1 cleavage assay

Pre-miR-181c or pre-miR-2137 was custom synthesized by IDT DNA technologies.
DICER or IRE1 cleavage reaction was performed in cleavage assay buffer (20mM Tris—
HCI (pH 6.5), 1.5mM MgCl,, 25mM NaCl, 1mM dithiothreitol and 1% glycerol) with
DICER (0.2 ug) or PACT (0.2 ug) or IRE1 (0.2 ug) and synthetic pre-miR (10 uM) at 37°C
for 4 hours. Reaction was stopped by adding an equal volume of RNA loading dye (NEB)
and heating at 70°C for 5 minutes followed by resolving on 15% urea-acrylamide gel. Gel

was stained with SYBR Gold and imaged using ChemiDoc imager (BioRad).

2.2.24. miRNA profiling by microarray

BMDMs were treated with S00uM PA or vehicle control for 6 h and total RNA was isolated
using miRNeasy RNA isolation kit (Qiagen,217004). RNA was quantified on Nanodrop
2000 (Invitrogen) and 2pg used for the microarray analysis, which was carried out by LC
Sciences (Texas, USA). Mouse miRbase 22 (March 2018) database was used in this

analysis.

2.2.25. Statistics

Data were analyzed in GraphPad Prism 8 (GraphPad Software, Inc.). Results are reported
as mean + SEM. Statistical significance was determined with Student’s t test with Welch’s
correction for two groups and one-way ANOVA (Tukey’s multiple comparison test) for

multiple groups. P < 0.05 was considered as * significant.
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3. CHAPTER 3. RESULTS

3.1. PACT is an IREL1 kinase substrate

3.1.1. Inhibiting IRE1 kinase domain but not RNase domain impacts PACT

protein levels

ER stress has been shown to induce PACT phosphorylation (on serine (S) 18 and 287) by
unidentified kinases. (106-108). During RISC nucleation, PACT can localize to the ER
membranes, where IREL1 is also anchored (88). Published IREL interactome data shows
PACT interacts with IREL in both ER stress and no stress conditions (150). I hypothesized
that IRE1 could be an ER stress-induced kinase that phosphorylates PACT. To investigate
this, IRE1 kinase activity was induced in human cells (HEK293T) with the ER stress
inducers, thapsigargin (TG; a Ca?*-ATPase inhibitor) or palmitate (PA; a saturated fatty
acid) (15, 202-204). Both ER stressors simultaneously induced IRE1 kinase activity (IRE1
autophosphorylation) and PACT protein (as detected by Western blotting) (Fig.3.1A).
PACT protein signal induction occurred quickly (in one hour) after the ER stressor
treatment, suggesting ER stress induced a post-translational modification of PACT that
could be recognized by the total PACT antibody in Western blots. Indeed, A-phosphatase
(PPase) treatment of the cellular protein lysate, prevented the ER stress-induced PACT
intensity change in Western blots (205). Moreover, treatment of the cells with an inhibitor
of IRE1 kinase activi