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To my family,



ABSTRACT

Since the 1930s, scientists have known that certain unsaturated fatty acids
are essential in the human diet and act as precursors for further fatty acid
synthesis. Unlike humans, the nematode C. elegans can de novo synthesize
omega-3 and omega-6 polyunsaturated fatty acids, making it a useful
species for studying fatty acid function. Fatty acids form the tails of
phospholipids, the main component of cellular membranes, and
modulating the identity of these tail fatty acids has important implications
for membrane homeostasis. Saturated fatty acids have membrane
rigidifying effects, while unsaturated fatty acids fluidize membranes; thus,
a proper balance between the two is crucial for several membrane
properties. One way by which cells achieve membrane homeostasis is
through the PAQR-2 membrane fluidity regulator that responds to
membrane rigidification by increasing fatty acid desaturation and
incorporation of unsaturated fatty acids into phospholipids.

In the first part of this thesis, the effect of excessively rigid and excessively
fluid membranes on several cellular and physiological traits were studied in
C. elegans and revealed that deviation from optimal membrane
composition in either direction is deleterious. Next, we further
characterized the molecular basis of PAQR-2 activity, revealing that PAQR-2
recruits a complex containing enzymes important for fatty acid elongation
and for channeling of unsaturated fatty acids into phospholipids. In the final
part of this thesis, a forward genetics screen led to the discovery that the
HIF-1 pathway can potentiate desaturase activity in a C. elegans mutant
that is almost wholly devoid of polyunsaturated fatty acids. We conclude
that the PAQR-2 and HIF-1 pathways are regulators of unsaturated fatty acid
homeostasis essential for the physiological health of C. elegans.

Keywords: PAQR-2, HIF-1, FAT-2, fatty acid synthesis, membrane
homeostasis, unsaturated fatty acid, C. elegans



SAMMANFATTNING PA SVENSKA

Sedan 1930-talet har forskare kant till att vissa omattade fettsyror ar
nodvandiga i manniskans kost och att de fungerar som prekursorer for
vidare fettsyrasyntes. Till skillnad fran ménniskan kan nematoden C. elegans
syntetisera fleromattade omega-3- och omega-6-fettsyror de novo, vilket
gor den till en anvandbar art for att studera fettsyrornas funktion. Fettsyror
bildar svansarna pa fosfolipider, huvudkomponenten i cellmembran, och
modulering av identiteten hos dessa fettsyrasvansar har viktiga
konsekvenser for membranhomeostasen. Mattade fettsyror har en
membranforstelnande effekt, medan omattade fettsyror gér membranen
mer flytande; en korrekt balans mellan de tva ar darfér avgérande for flera
membranegenskaper. Ett satt for celler att uppratthalla korrekt
membranhomeostas ar genom PAQR-2, en membranfluiditetsregulator
som svarar pa utmaningar i membranhomeostasen genom att Oka
fettsyradesaturationen och inkorporeringen av omattade fettsyror i
fosfolipider.

| den forsta delen av denna avhandling forsokte vi karakterisera effekten av
alltfor stela och alltfor flytande membran pa flera celluldra och fysiologiska
egenskaper, och faststallde att avvikelser  fran optimal
membransammansattning ar skadligt i bada riktningarna. Daérefter
karakteriserade vi  ytterligare mekanismerna nedstroms  fran
membranfluiditetsregulatorn PAQR-2 och fann att PAQR-2 rekryterar ett
komplex innehallande enzymer som &r viktiga for fettsyraforlangning och
kanalisering av omattade fettsyror. | den sista delen av denna avhandling
anvande vi oss av framatgenetik for att klassificera HIF-1-reaktionsvdgen
som en viktig regulator av omattade fettsyrors desaturering i C. elegans-
mutanter som nastan helt saknar fleromattade fettsyror. Vi drar slutsatsen
att PAQR-2 och HIF-1 ar viktiga regulatorer for homeostasen av omattade
fettsyror i C. elegans.
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The PAQR-2 and HIF-1 pathways are physiologically essential for UFA homeostasis

INTRODUCTORY WORDS

This thesis begins with a brief overview of cellular membrane composition
and homeostasis. This is followed by a description of lipid metabolism and
fatty acid synthesis in the model organism Caenorhabditis elegans, C.
elegans. The PAQR-2 and HIF-1 pathways that have been in focus
throughout much of the work will then be described in some details. The
results section is then divided into three main parts: 1) effects of membrane
composition on physiology; 2) membrane homeostasis pathways; and 3)
mechanisms that compensate for low fatty acid desaturase activity.

DISCOVERY OF ESSENTIAL FATTY ACIDS

In 1929, George Burr discovered that excluding fat from the diet of rats led
to severe side-effects and eventually death. When fed a fat-free diet, the
rats developed what Burr deemed to be a deficiency disease characterized
by scaly skin and sores, inflamed tails and paws, fur loss, and finally kidney
degeneration that led to premature death. However, these severe effects of
a fat-free diet could be reversed when small quantities of lard were added
back to the diet, though not when only vitamins (some of which are fat-
soluble) were added (Burr & Burr, 1929). Burr thus discovered that some
dietary fats must be essential. In 1930, Burr published a follow-up paper
detailing that certain polyunsaturated fatty acids (PUFAs) are the essential
components missing from the fat-free diet. When attempting to rescue fat-
free diet rats with different fats, it was found that providing the animals
with butter or coconut oil, which contain no unsaturated fatty acids (UFAs),
did not restore the rats to health. Instead, the addition of olive oil, linseed
oil, and corn oil, all of which are high in linoleic acid, an 18:2 omega-6 (®»-6)
fatty acid, rescued the deficiency disease phenotypes (Burr & Burr, 1930).
Thus, linoleic acid was deemed to be an essential fatty acid in the diet.
Subsequently in 1932, George Burr showed that alpha-linolenic acid, an
18:3 -3 fatty acid, is also an essential fatty acid (Burr et al., 1932). While
mammals do have fatty acid desaturation and elongation mechanisms in
place, they cannot produce PUFAs from de novo lipogenesis nor from
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monounsaturated fatty acid (MUFA) precursors; linoleic and alpha-linolenic
acid are therefore the precursors for all other PUFAs and without them no
other PUFAs can be synthesized. During Burr’s studies of fat-free diet rats,
he remarked that “lack of dietary fat has so injured the tissues that they are
no longer the normal membranes separating the interior of the animal from
its relatively dry air environment” (Burr & Burr, 1930). What George Burr
described above reflects an essential function of fatty acids, namely, to form
membranes that separate the interior from the exterior of cells, and that
disruptions to this membrane can cause a multitude of problems, which |
will describe further in this thesis.

CELLULAR MEMBRANES

Cellular membranes are essential for numerous cellular properties and
processes such as forming a boundary between extracellular and
intracellular space, regulating signaling and transport into and out of the
cell, and contributing to cell-cell interactions. The plasma membrane
encapsulates the cell and separates the external environment from the
cellular components, while internal cellular membranes define different
organelles within the cell. The plasma membrane controls the transport of
nutrients into the cell and waste out of the cell, maintains ion gradients and
hosts numerous proteins with varied functions including transporters,
structural proteins and signaling protein; internal membranes define
organelles and often mediate communication and transport between them
via vesicles or more direct membrane-to-membrane contacts (Singer &
Nicolson, 1972; Stillwell, 2013).

The composition of cellular membranes determines their properties such
as fluidity, compressibility, permeability, charge, etc. The main component
of cellular membranes are phospholipids, each with a hydrophilic head
group and two hydrophobic fatty acid tails (Fig. 1A); phospholipids form
bilayers with the head groups in contact with the aqueous milieu and the
fatty acid tails of each leaflet pointing towards those of the other (Singer &
Nicolson, 1972). There are several types of phospholipids, and here only a
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few will be mentioned. Phospholipids that contain a glycerol backbone are
called glycerophospholipids and, depending on their head groups, include
phosphatidylcholine (PC), phosphatidylethanolamine (PE),
phosphatidylglycerol (PG), phosphatidylinositol (Pl), phosphatidylserine
(PS), and phosphatidic acid (PA) (Fig. 1B) (Van Meer et al.,, 2008).
Glycerophospholipids have three “sn” positions; sn, or stereospecific
numbering, refers to the carbon atoms of glycerol, with the sn3 esterified
to a phosphate group that is then attached to a short-chain alcohol, for
example choline, ethanolamine, etc (Kelly & Jacobs, 2011; Manni et al.,
2018). The headgroup of the phospholipid can have effects on physical
membrane properties such as curvature and packing. Of the two most
common phospholipids in eukaryotic membranes, PCs, for example, have a
larger head group than PEs and have an overall cylindrical shape that tends
to form a flat bilayer membrane as opposed to the smaller headgroup in
PEs that create a conical shape that tends to form a curved membrane
(McMahon & Boucrot, 2015; Satouchi et al., 1993). Additionally, the ratio
of PCs to PEs can affect additional membrane properties such as membrane
thickness and permeability (McMahon & Boucrot, 2015).

The sn1 and sn2 positions of the glycerol are esterified with fatty acids; sn1
typically holds a saturated fatty acid while the sn2 fatty acid can be
saturated or unsaturated (Manni et al., 2018). Fatty acids consist of a chain
of carbon atoms attached to a carboxyl group and differ by their degree of
saturation (or number of carbon-carbon double bonds in the acyl chain):
saturated fatty acids (SFAs) have zero double bonds, monounsaturated fatty
acids (MUFAs) have one double bond, and polyunsaturated fatty acids
(PUFAs) have two or more double bonds in their carbon chain (Fig. 1C)
(Stillwell, 2013). Fatty acids are commonly referred to by the number of
carbons in the acyl chain and the number of double bonds. Oleic acid, for
example, has an 18-carbon chain with one double bond and thus can be
written as 18:1, though this system does not specify the position of the
double bond (Kofeler, 2016). PUFAs are further classed as ®-3 or ®-6
depending on whether the first double bond is found either at the third or
sixth carbon from the terminal methyl group (it is important to note that
the o position of FAs can also be written as “n”, for example in 18:2n6, and
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will be used as such throughout this thesis) (Kofeler, 2016). Membranes
rich in SFAs tend to be more rigid and tightly packed, while the kinks caused
by the double bonds in unsaturated fatty acids allow membranes rich in
UFAs to be more fluid and loosely packed (Fig. 1D) (A. G. Lee, 1991).

While the majority of membrane lipids are phospholipids, other lipid
classes found in biological membranes include sphingolipids, glycolipids
and sterols. Instead of the phosphate group found in phospholipids,
glycolipids contain a sugar molecule, such as glucose, that is attached to the
glycerol, or if the sugar is attached to a sphingosine molecule the lipid is
then called a glycosphingolipid. Sterols on the other hand, consist of a single
hydroxyl group that is attached to a four- or five-ring steroid structure and
a short hydrocarbon side chain (Fahy et al., 2005; Watson, 2015). There is
great variation in the use of sterols as membrane components. While a
small amount of dietary sterols are essential in the nematode C. elegans,
they do not appear to serve a structural role in membranes (Kurzchalia &
Ward, 2003). In contrast, mammals can synthesize sterols de novo and the
sterol cholesterol accounts for ~¥45 mole% of total lipids in their plasma
membranes (Das et al., 2013; Lange et al., 1989).
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Figure 1. Overview of cellular membranes. A) Example of phospholipid structure.
This phospholipid has a choline headgroup and fatty acyl chains at the sn1 and
sn2 positions of the glycerol. B) Types of phospholipid head groups. C) Examples
of fatty acid types. 16:0 (palmitic acid; PA) is a SFA, 18:1 (oleic acid; OA) is a
MUFA, and 18:2 (linoleic acid; LA) is a PUFA. D) Phospholipid bilayers rich in SFAs
are tightly packed and rigid while membranes rich in MUFAs or PUFAs are more
loosely packed, thinner and fluid.
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MEMBRANE HOMEOSTASIS

Membrane homeostasis is the process by which cells maintain the proper
structure, composition, and function of their membranes despite eventual
changes in the environment (like temperature, pH, lipid availability, etc.).
The first study describing adaptive regulation of membrane composition
concerned "homeoviscous adaptation" in E. coli, whereby the cell adapts to
increasing temperature, which could lead to excessive membrane fluidity,
by incorporating increasing amounts of long-chain and saturated FAs into
its phospholipids (Sinensky, 1974). Cellular membranes, like other fatty
substances, tend to become more rigid at cold temperatures and more fluid
at warmer temperatures (Los & Murata, 2004), and regulating the type of
FA that is incorporated into membranes is a way to maintain optimal
membrane properties as temperatures vary. Homeoviscous adaptation not
only occurs in E. coli but has also been well documented in several
poikilotherms, i.e. animals whose body temperatures vary with
environmental temperature: fish, insects, and nematodes, among others,
boost incorporation of PUFAs into cellular membranes in cold conditions
and incorporation of SFAs in warm conditions (Hazel, 1984, 1995;
Overgaard et al., 2008; Watts & Ristow, 2017).

The molecular mechanisms through which organisms maintain their
optimal membrane composition via homeoviscous adaptation differs
between species; this thesis will focus mainly on membrane homeostasis in
C. elegans. The nematode C. elegans is known for its ease of cultivation at
temperatures between 15°C and 25°C, though 20°C is the standard
temperature for laboratory maintenance. In colder conditions, membranes
become more rigid, and the A9 desaturase FAT-7 is activated to boost the
production and incorporation of UFAs into phospholipids (Murray et al.,
2007). The FAT-7 desaturase creates the first double bond in the SFA stearic
acid (SA, 18:0), producing the MUFA oleic acid (OA, 18:1) (Watts & Browse,
2000). Oleic acid is then able to be further desaturated by the A12
desaturase FAT-2 into linoleic acid (LA, 18:2) which is used as a substrate to
produce longer PUFAs (Wallis et al., 2002). A9 desaturases insert a double
bond at the 9" carbon in the chain (starting from the carboxyl end), while
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A12 desaturases insert a double bond at the 12" carbon. The FAT-7-
dependent increase in UFAs is then responsible for restoring fluid
membranes when worms encounter colder conditions (Murray et al.,
2007). C. elegans is one of the few eukaryotes that can de novo synthesize
PUFAs thanks to the FAT-2 desaturase that allows it to produce LA. In
contrast, mammals and most other animals must obtain LA and ALA from
the diet as starting ®-3 and -6 PUFAs to synthesize other PUFAs (Burr et al.,
1932; Perez & Van Gilst, 2008; Rappleye et al., 2003; Wallis et al., 2002).
How FAT-7 is regulated during temperature shifts is dependent in part on
the evolutionarily conserved acyl-CoA-dehydrogenase ACDH-11 and PAQR-
2 (Progestin and AdipoQ Receptor-2). During cold conditions, the
membrane fluidity sensor PAQR-2 acts through the transcription factor
NHR-49 to activate FAT-7 expression to boost desaturation and fluidize
membranes (Svensk et al., 2013); more information about PAQR-2 will be
presented later in this thesis. At the other end of the spectrum, one study
has suggested that ACDH-11 is upregulated in high temperature conditions
and sequesters C11/C12 fatty acids which in turn prevents NHR-49
activation and FAT-7 dependent desaturation, leading to increased SFA
levels in membranes (Ma et al., 2015).

DIET AND MEMBRANE HOMEOSTASIS

While C. elegans can de novo synthesize most of its fatty acids, it can also
obtain them from the diet (Perez & Van Gilst, 2008; Watts, 2009). Mammals,
on the other hand, must obtain certain fatty acids from their diet and
subsequently the nature of these ingested fatty acids can influence
membrane composition. Over the years dietitians and other health
professionals have claimed that the Mediterranean diet, which emphasizes
an abundance of -3 rather than -6 PUFAs, is a diet of choice for a long
and healthy life. When people eat -3 rich foods or supplements, the ®-3
FAs partially replace ®-6 FAs in the cell membranes with beneficial effects
(Simopoulos, 1991). Several studies have suggested that adhering to the
Mediterranean diet can reduce the risk of cardiovascular disease (Estruch
et al., 2018; Kouli et al., 2019), diabetes (Martinez-Gonzalez et al., 2008),
inflammation (Sureda et al., 2018), and certain types of cancers (Bamia et
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al., 2013; Pasanisi et al., 2018; Schneider et al., 2019; Schwingshackl et al.,
2017). One study has found that the Mediterranean diet, which promotes
the use of OA-rich olive oil and ALA-rich nuts, reduces the
cholesterol/phospholipid ratio in erythrocyte cell membranes, which has a
beneficial effect on membrane fluidity and, moreover, changes the
composition of phospholipids by increasing levels of PEs. Additionally, the
levels in membranes of ®-3 fatty acids increased while the concentrations
of m-6 fatty acids decreased (Barcelé et al., 2009). A different study saw that
while ®-3 fatty acid levels in erythrocytes did not change in subjects
adopting the Mediterranean diet, levels of MUFAs did increase compared
to the control group and compared to the test group’s starting levels (Davis
et al, 2017). Another paper noted that after 12 months on the
Mediterranean diet, ®-3 levels in erythrocyte membranes did not increase
significantly but that there was a decrease in ®-6 fatty acid levels (Seethaler
et al., 2020). Thus, there does not seem to be a consensus on the effects of
the Mediterranean diet on membrane composition, which could be due to
variation in study designs. The age, sex, health and fitness levels, and study
length were different for each of the three studies mentioned, and although
they did not see the same changes in fatty acid profiles, they all did agree
that the Mediterranean diet does have an impact on fatty acid composition
in erythrocytes.

In controlled animal studies, when mouse diets are supplemented with
either long-chain ®-3 PUFA-rich fish oil or ®-6 LA-rich corn oil, a robust
incorporation of ®-3 PUFAs into cardiac membrane lipids of the fish oil fed
mice relative to the corn oil fed mice was recorded (Levental et al., 2020).
It seems, however, that it is mainly the ratio of ®-3 to -6 dietary PUFAs
that influences membrane composition, but that overall SFA and UFA levels
are homeostatically regulated regardless of dietary variation. In fact, in a
study feeding rats diets varying in FA composition, membrane
phospholipids maintained a constant membrane SFA content regardless of
dietary SFA concentration, while MUFA and PUFA content varied only
slightly with dietary variation. When examining triglycerides though, FA
concentrations were heavily influenced by diet (Abbott et al., 2012).
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Mechanisms must therefore exist that effectively guard membrane
composition, but less so triglyceride composition, against the potential
impacts of diets that can vary greatly in their fatty acid composition and
content.

C. ELEGANS

C. elegans is a small transparent nematode found in soil and that feeds
mostly on the bacteria of rotting vegetation. C. elegans has a three-day-long
life cycle in which it develops from embryo through four larval stages, L1-
L4, before becoming an adult (Brenner, 1974). Once an adult, a single worm
can live for approximately three weeks in optimal conditions, i.e.
temperatures between 15°C and 25°C, although worms cultivated at 15°C
live longer than those cultivated at 20°C or 25°C (Johnson & Hutchinson,
1993). There are two sexes in C. elegans: hermaphrodites, which produce
both sperm and eggs allowing for self-fertilization, and males, which
produce only sperm and can fertilize hermaphrodites (Nigon & Dougherty,
1949). Both sexes have five pair of autosomal chromosomes, while
hermaphrodites have two X chromosomes (XX) and males have a single X
chromosome (X0). A single hermaphrodite can self-fertilize to produce
approximately 300 progeny, but if mated with a male can produce around
1,000 progeny (Nigon & Dougherty, 1949). An adult hermaphrodite has 959
somatic cells, of which 302 are neurons, while an adult male has 1,031
somatic cells including 381 neurons (Sulston et al., 1983). Adult
hermaphrodites are ~1 mm in length when fully developed, and length is
sometimes used as a measure of overall health because sick worms usually
grow more slowly and are shorter (Brenner, 1974).

In the 1970s, Sydney Brenner began using C. elegans as a model organism
due to its ease of cultivation and rapid life cycle, as well as for the ease with
which it can be used for forward and reverse genetic studies, and C. elegans
is today an established model supported by a worldwide research
community (Kutscher & Shaham, 2014). In 1998, C. elegans became the first
multicellular species to have its entire genome sequenced (Consortium*,
1998). The C. elegans haploid genome consists of approximately 100 million
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base pairs and codes for around 20,000 proteins. Importantly, around 60-
80% of human genes have C. elegans orthologs (Kaletta & Hengartner,
2006). Additionally, of the over 400 lipid metabolism-related genes in C.
elegans, over 70% are homologous to mammalian lipid metabolism genes
(zhang et al., 2013).

C. ELEGANS LIPID METABOLISM

Much of what we know about fatty acid metabolism in C. elegans is thanks
to forward genetic screens looking for mutants with abnormal fatty acid
composition. The most comprehensive study on PUFA synthesis in C.
elegans relied on ethyl methanesulfonate (EMS)-mutagenizing worms and
identifying mutants with altered fatty acid composition by mass
spectroscopy (Watts & Browse, 2002). Mutants were discovered with
defects in fat-1, fat-2, fat-3, fat-4, and elo-1, together representing every
step of the PUFA synthesis pathway, and following the conversion of 18:1n9
to 20:5n3. The study further revealed that each desaturation step is carried
out exclusively by one enzyme while PUFA elongation is carried out by two
or more enzymes (Watts & Browse, 2002).

C. elegans stores much of its fat as triacylglycerides (TAGs)-containing lipid
droplets within the intestine, with the rest found mostly found in
hypodermis or in the yolk of oocytes (Mullaney & Ashrafi, 2009). While C.
elegans can de novo synthesize fatty acids, laboratory-grown worms obtain
the majority of their fatty acids from the standard E. coli OP50 diet. In fact,
although C. elegans can synthesize the SFA palmitic acid (16:0) from
malonyl-CoA and acetyl-CoA, around 90% of the PA in a lab-grown worm
comes from the diet (Perez & Van Gilst, 2008). The levels of MUFAs and
PUFAs derived from diet (rather than de novo synthesized) is lower, with
~80% of UFAs coming from the bacterial diet (Perez & Van Gilst, 2008).
While a large fraction of SFAs and UFAs are taken up from bacteria, C.
elegans synthesize almost all monomethyl branched chain fatty acids
(mmBCFA) de novo (Kniazeva et al., 2004). As mentioned earlier in this
thesis, whereas mammals lack the enzymes required to synthesize PUFAs
from MUFAs or to convert -6 fatty acids to -3 fatty acids, C. elegans does

10
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have such enzymes (Burr et al., 1932; Perez & Van Gilst, 2008; Rappleye et
al., 2003; Rivers et al., 1975; Wallis et al., 2002). Specifically, C. elegans can
convert OA (18:1) to LA (18:2) with the A12 FAT-2 desaturase while the ®-3
fatty acid desaturase FAT-1 is responsible for adding an additional carbon-
carbon double bond three carbons away from the terminal methyl group to
create m-3 fatty acids (Peyou-Ndi et al., 2000; Spychalla et al., 1997; Watts
& Browse, 2002). Starting at the beginning of fatty acid synthesis in C.
elegans, acetyl-CoA is converted to malonyl-CoA by POD-2, followed by
fatty acid synthase FASN-1 (homolog of human FASN) catalyzing the
production of PA through a seven-step process (Rappleye et al., 2003;
Smith, 1994). PA can then be elongated to 18:0 by the elongase ELO-2 or
desaturated by one of three A9 desaturases, i.e. FAT-5, -6 and-7, to produce
16:1n7 that is elongated to 18:1n7 (vaccenic acid) which is the most
common 18:1 fatty acid in C. elegans (Watts, 2009; Watts & Browse, 2000);
note that while C. elegans can synthesize vaccenic acid from scratch, this
fatty acid is actually mostly obtained directly from the dietary E. coli.
Separately 18:0 can be desaturated by FAT-6/FAT-7 to produce 18:1n9 (oleic
acid), which is the substrate for desaturation by the A12 desaturase FAT-2
to begin the synthesis of PUFAs by producing 18:2n6 (LA). LA and
subsequent PUFAs are then further elongated by the elongase ELO-1 or
ELO-2, and further desaturated by FAT-1, FAT-3 or FAT-4 to produce the
various PUFAs found in C. elegans, including the longest and most
unsaturated one, namely 20:5 (EPA) (Watts, 2009; Watts & Browse, 2002).
In a separate pathway downstream of acetyl-CoA, C. elegans also produce
mmBCFAs with elongases ELO-5/ELO-6 (Kniazeva et al., 2004). The entire C.
elegans FA synthesis pathway is illustrated in (Fig. 2). As mentioned above,
the majority of fatty acids in C. elegans are obtained from the diet, except
for mmBCFAs, SA, OA, and LA which are low in abundance in bacteria and
almost exclusively synthesized by the worm (Kniazeva et al., 2004; Perez &
Van Gilst, 2008).

11



Delaney Kaper

acetyl-
CoA

POD-2 l
malonyl-
CoA
FASN-1 FASN-1
7 cycles, 5 cycles
A9

FAT-5
—
ELO-Zl ELO l ELO-Sl

A9
FAT-6,7 l E'-°'5'Gl

ELO-1/2 l lELO-1I2
w3
AN
A5 l A5
FAT-4 e FAT-4

Figure 2. Fatty acid synthesis in C. elegans. Schematic of the fatty acid synthesis
pathway. Ovals represent fatty acid products and the enzymes responsible are
labeled next to arrows. Fatty acid abbreviations are as follows: palmitic acid (PA),
palmitoleic acid (POA), vaccenic acid (VA), stearic acid (SA), oleic acid (OA), linoleic
acid (LA), alpha-linolenic acid (ALA), gamma-linoleic acid (GLA), stearidonic acid
(STA), dihomo-gamma-linolenic acid (DGLA), eicosatetraenoic acid (ETA),
eicosapentaenoic acid (EPA). Adapted from (Watts & Ristow, 2017).
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C. elegans can synthesize mmBCFAs composed of a saturated fatty acid with
a single methyl group attached to the penultimate carbon (C13iso, C15iso,
C17is0); their synthesis requires the elongases ELO-5 and ELO-6, and the 3-
ketoacyl-CoA reductase LET-767 (Entchev et al., 2008; Kniazeva et al., 2004).
C. elegans can also dietarily obtain ante-iso mmBCFAs (C15- and C17-ante-
iso), where the methyl group is on the second to the terminal carbon, but
do not de novo synthesize them (Diot et al., 2022; Kniazeva et al., 2004).
mmBCFAs are essential in worms: mutants that are unable to synthesize
them arrest as larvae (Entchev et al., 2008; Kniazeva et al., 2004; Vieira et
al.,, 2022). While mmBCFAs can be found in TAGs, PCs, and PEs, all
sphingolipids contain C17iso as the long chain acyl component in C. elegans
(Chitwood et al., 1995; H. Zhu et al., 2013). Indeed, the larval arrest
phenotype of elo-5 mutants is dependent on the lack of Cl17iso in
sphingolipids (H. Zhu et al., 2013).

Perhaps the best characterized fatty acid desaturases in C. elegans are FAT-
5, FAT-6, and FAT-7. As mentioned above, FAT-7 is critical for temperature-
dependent regulation of membrane saturation, but FAT-7 is not the only A9
desaturase in C. elegans. FAT-5 and FAT-6 are also A9 desaturases
responsible for converting SFAs to MUFAs. FAT-6 and FAT-7 are stearoyl-CoA
desaturases while FAT-5 is a palmitoyl-CoA desaturase (Brock et al., 2007).
All three A9 desaturases convert SFAs to MUFAs but act on different starting
substrates. FAT-5, for example, converts palmitic acid (16:0) to palmitoleic
acid (16:1), while FAT-6 and FAT-7 convert stearic acid (18:0) to oleic acid
(18:1A9). There is functional overlap between the three genes and single
knockouts are viable because the expression of the other two is increased
to compensate for the loss. The triple mutant, however, is lethal, showing
that endogenous production of MUFAs is essential (Brock et al., 2006).
When fat-6;fat-7 are co-mutated, worms cannot synthesize oleic acid which
is needed for production of PUFAs, and as a result have reduced growth and
fertility, as well as reduced fat stores. However, when fat-6 and fat-7 are
knocked out, FAT-5 can partially fill the role by promoting the synthesis of
PUFAs from 16:1 instead of the typical 18:1 (Brock et al., 2007). When A9
desaturase activity is limited, C. elegans have reduced fat levels, showing
that A9 desaturases are lipogenic enzymes (Brock et al., 2007; Ntambi et
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al., 2002). In fact, A9 knockdown leads to increased expression of fatty acid
oxidation genes which reduces lipotoxicity caused by excess SFAs (Flowers
& Ntambi, 2008; Listenberger et al., 2003; Shi et al., 2013).

PAQR-2 PROTEIN AND PATHWAY

The first two papers in this thesis concern the function of the PAQR-2
protein. PAQR-2 belongs to the PAQR (Progestin and AdipoQ Receptor)
protein family and is a regulator of membrane composition and fluidity.
While this thesis will focus mostly on PAQR-2 in C. elegans, PAQR proteins
are found in most species and even have distant homologs in bacteria. In C.
elegans there are five PAQR proteins, while in humans there are eleven, in
E. coli one, in yeast four, and in flies five (Y. T. Tang et al., 2005; Yamauchi et
al.,, 2003). PAQR proteins have seven transmembrane domains but are
unrelated to G-protein coupled receptors (GPCRs): in PAQR proteins, the C-
terminus is extracellular while the N-terminus points into the cytosol.
Beyond those two features found in all PAQR proteins, there is relatively
low sequence homology (Y. T. Tang et al., 2005). Of the five PAQR proteins
in C. elegans, only PAQR-1 and PAQR-2 are thought to act as membrane
composition regulators (Svensson et al., 2011). Human AdipoR1 and
AdipoR2, the closest homologs of the worm PAQR-1 and PAQR-2, were both
originally identified as adiponectin receptors (Yamauchi et al., 2003) but
mounting evidence suggests that adiponectin is not required for their
function as membrane fluidity regulators (Palmgren et al., 2023; Ruiz,
Stahlman, et al., 2019).

As already mentioned, this thesis focuses on PAQR-2 in C. elegans. However,
below is a short overview of what is known about PAQR-2 homologs in

other species, and even more information can be found in recent reviews
(Pilon, 2021; Pilon & Ruiz, 2023).

S. CEREVISIAE

The yeast species S. cerevisiae encodes four PAQR proteins, named IZH1-4
(Implicated in Zinc Homeostasis) which were originally found to be
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regulated by zinc levels, but have since been found to be regulated by fatty
acid levels as well (Karpichev et al., 2002; Lyons et al., 2004; Mattiazzi Usaj
et al., 2015). As such, expression of IZH genes is regulated by an oleate
response element (ORE), and IZHs are inhibited by UFAs and induced by
SFAs and glucose (Lyons et al., 2004). Interestingly, depletion of zinc in yeast
causes an increase in Pl and decrease in PE concentrations, which by itself
has an effect of membrane properties (Carman & Han, 2007; Iwanyshyn et
al., 2004). 1ZH2, the IZH gene with the highest homology to PAQR-2 and
AdipoR2, is a ceramidase (it cleaves fatty acids from ceramides to produce
sphingosine), validated by the overexpression of 1ZH2 causing an
accumulation of sphingosine (Villa et al., 2009). In addition, IZH genes
regulate zinc homeostasis by altering levels of membrane sterols (Lyons et
al., 2004). Furthermore, in the IZH2 mutant several lipid metabolism genes
are downregulated (Mattiazzi Usaj et al.,, 2015). To summarize, yeast
homologs of the PAQR proteins, IZH1-4, are regulated by zinc and fatty acid
levels, have ceramidase activity, and regulate sterol homeostasis, and thus
perform similar functions to PAQR proteins in different species, namely
contributing to membrane homeostasis. This quote from one of the yeast
studies helps motivate further research on these proteins: “IZH2 is a
homolog of AdipoR, which plays an important role in type 2 diabetes. Lipid
metabolism and zinc homeostasis are unbalanced in type 2 diabetes, and
the role of IZH2 in yeast elucidated here could help better understand also
the role of AdipoR in human health and disease.” (Mattiazzi Usaj et al.,
2015)

D. MELANOGASTER

There are five PAQR proteins in the fruit fly D. melanogaster, although only
one, dAdipoR, is considered to be a homolog of PAQR-2 and also shows a
66% sequence similarity to human AdipoR1 (Kwak et al., 2013). dAdipoR is
expressed in every developmental stage and in several tissues, including in
insulin producing cells (IPCs), and null mutants are lethal, illustrating the
essential function of the protein (Laws et al.,, 2015). When dAdipoR is
inhibited specifically in IPCs, the flies exhibit impaired insulin secretion,
reduced lifespan, increased sugar levels in hemolymph, and increased TAGs
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(Kwak et al., 2013). Although dAdipoR is implicated in insulin production, a
more recent study was not able to confirm the expression of dAdipoR in
IPCs but saw that it was expressed in specific neurons where it contributes
to insulin response (Arquier et al.,, 2021). Moreover, dAdipoR germ-line
knockouts exhibited oogenesis defects that were insulin-dependent (Laws
et al., 2015). Current knowledge about dAdipoR is limited and yields few
clues that could connect it to membrane homeostasis. In the future it would
be interesting to perform a lipidomics analysis on the fly dAdipoR mutant,
and to test their tolerance to low temperature.

H. SAPIENS

There are eleven PAQR proteins in humans (PAQR1-11), although PAQR1
and PAQR2 are better known as AdipoR1 and AdipoR2 and are the two
proteins closest to C. elegans PAQR-1 and PAQR-2 that have been implicated
as having a role in membrane homeostasis (Svensson et al., 2011; Y. T. Tang
et al.,, 2005; Yamauchi et al., 2003). Originally identified as adiponectin
receptors (Yamauchi et al., 2003), this function of AdipoR1/R2 has since
been questioned in newer studies (Palmgren et al., 2023; Ruiz, Stahlman, et
al., 2019). Adiponectin, a protein secreted by adipocytes, is primarily
implicated in glucose regulation and low levels of adiponectin are
associated with obesity as well as type-2 diabetes (Kubota et al., 2002;
Maeda et al., 2002; Yamauchi et al.,, 2001). As such, AdipoR2 has been
suggested to have an “antidiabetic” activity due to its presumed role as an
adiponectin receptor (Yamauchi et al., 2003). However, more recent studies
suggest that AdipoR2 is a membrane sensor that acts in an adiponectin-
independent manner (Kita et al., 2019; Ruiz, Stahlman, et al., 2019). Both
AdipoR1 and AdipoR2 have been implicated in membrane homeostasis,
with AdipoR2 playing a bigger role based on comparing the effects of
silencing either gene on membrane fluidity and lipid composition (Devkota
et al., 2017; Ruiz, Bodhicharla, et al., 2019; Ruiz et al., 2021, 2022; Ruiz,
Stahlman, et al., 2019; Volkmar et al., 2022). In fact, silencing AdipoR2 in
several mammalian cell lines results in rigid membranes, especially when
cells are challenged with membrane-rigidifying PA (Ruiz et al., 2022, 2023;
Ruiz, Stahlman, et al., 2019). Further, in several genome-wide CRISPR/Cas9
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screens for genes involved in membrane regulation during SFA challenge,
AdipoR2 emerged as one of the top hits (Jain et al., 2020; Unlu et al., 2022;
X. G. Zhu et al., 2019). As with yeast 1ZH2, AdipoR2 has an intrinsic
ceramidase activity, the output of which is a free fatty acid and a
sphingosine (Holland et al., 2010). Through phosphorylation, the
sphingosine can be converted into the signaling molecule sphingosine-1-
phosphate (S1P) that may act as a ligand for PPARy and promote fatty acid
desaturation (Holland et al., 2010; Ruiz et al., 2022; Vasiliauskaité-Brooks et
al., 2017).

C. ELEGANS

There are five PAQR proteins in C. elegans, with PAQR-1 and PAQR-2 being
the most well characterized and closest homologs to mammalian AdipoR1
and AdipoR2 (Svensson et al., 2011; Y. T. Tang et al., 2005). Like AdipoR2 and
IZH2, PAQR-2 also is a ceramidase that generates S1P that may be a ligand
for NHR-49 (a distant homolog of PPARY) to regulate desaturase expression
(Ruiz et al., 2022). While pagr-1 mutants have no visible phenotypes, the
paqr-2 mutant’s most striking phenotypes are its deformed tail tip and
intolerance to cold temperatures or dietary SFAs (Busayavalasa et al., 2020;
Devkota et al., 2017; Devkota, et al., 2021; Svensson et al., 2011). The pagr-
1,paqr-2 double mutant has more severe mutant phenotypes than either
single mutant, indicating functional redundancy between PAQR-1 and
PAQR-2 (Busayavalasa et al., 2020; Svensson et al., 2011). Through lipidomic
analysis, pagr-2 mutants are revealed to have a high SFA to UFA ratio and
these worms have severely rigid membranes, as evidenced by fluorescence
recovery after photobleaching (FRAP) experiments (Bodhicharla et al.,
2018; Devkota et al., 2017; Devkota & Pilon, 2018; Ruiz, Bodhicharla, et al.,
2019; Ruiz et al., 2018; Svensk et al., 2016). Additionally, due to the excess
of SFAs already present in the worm'’s phospholipids and their inability to
regulate these levels, pagr-2 mutant worms are extremely sensitive to
exogenous SFAs (Devkota, Kaper, et al., 2021; Svensk et al., 2016). Many
studies have been done to illuminate the function of PAQR-2 as well as the
many interactors of PAQR-2 that act alongside or downstream of it to
maintain membrane homeostasis. First, IGLR-2 was identified as an obligate
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partner of PAQR-2, and both IGLR-2 and PAQR-2 must be functioning for
membrane fluidity maintenance (Devkota, Henricsson, et al., 2021; Svensk
et al, 2016). However, IGLR-2 is not required for PAQR-1 function,
suggesting that PAQR-1 is constitutively active and/or acts together with
some other protein partner (Busayavalasa et al., 2020).

Additionally, two pathway branches downstream of the PAQR-2/AdipoR2
protein complex that maintain membrane fluidity were revealed by forward
genetic screens for suppressors of pagr-2 mutant phenotypes (Devkota et
al., 2017; Svensk et al., 2013). The first downstream branch promotes the
transcription of fatty acid desaturases, revealed for example by the gain-of-
function alleles of nhr-49, mdt-15, and sbp-1 (Svensk et al., 2013). NHR-49
upregulates the expression of the fatty acid A9 desaturases fat-5 and fat-7,
and the gain-of-function allele can upregulate fat-7 desaturase to suppress
the pagr-2 mutant phenotypes. MDT-15 (a Mediator subunit) acts together
with NHR-49 and SBP-1 to promote fatty acid desaturase expression (Svensk
et al.,, 2013). The second downstream branch of PAQR-2 promotes the
incorporation of PUFAs into phospholipids and was revealed by loss-of-
function alleles of fld-1 and acs-13 that can also partially suppress pagr-2
mutant phenotype (Ruiz, Bodhicharla, et al., 2019). While the second
branch downstream of PAQR-2 does promote PUFA incorporation into
phospholipids, more recent research has showed that functional FLD-1 and
ACS-13 actually promote the incorporation of SFAs into phospholipids; loss-
of-function alleles of these genes therefore only indirectly result in
increased PUFA levels in phospholipids (Sheokand et al., 2025). Thus, prior
to this thesis, the actual molecular basis accounting for how PAQR-2
promotes PUFA incorporation into phospholipids was not resolved (Fig. 3).
Note that combining pagr-2 suppressors from both branch 1 and branch 2
is the only genetic way to fully suppress all pagr-2 mutant phenotypes (Ruiz,
Bodhicharla, et al., 2019; Ruiz et al., 2018).

It is important to note that PAQR-2-dependent rescue of rigid membranes

is not confined to a single tissue: studies in genetically mosaic animals
showed that once the PAQR-2 complex induces local production of UFAs,
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these UFAs are then shared with tissues in the rest of the worm (Fig. 3)
(Bodhicharla et al., 2018).

PAQR-2-ASSOCIATED PROTEINS

Below are short summaries of a few of the proteins that are important for
the PAQR-2 membrane homeostasis pathway and are of relevance for this
thesis.

NHR-49

The nuclear hormone receptor protein NHR-49 (homologous to human
PPARo/PPARY/HNF4o. (Atherton et al., 2008; Bertrand et al., 2004; Ruiz et
al., 2022; Van Gilst et al., 2005)) is a transcription factor that is important
for the expression of the A9 desaturases fat-5 and fat-7, as is the nuclear
hormone receptor NHR-80 (Brock et al., 2006; Van Gilst et al., 2005). The
expression levels of fat-5 and fat-7 are significantly decreased in nhr-49 null
worms, leading to an increased 18:0 to 18:1n9 ratio and subsequently a
shorter lifespan (Van Gilst et al., 2005). While both NHR-49 and NHR-80
have similar effects on desaturases, NHR-49 is also a regulator of [-
oxidation, that is the breakdown of fatty acids to acetyl-CoA that feeds to
the tricarboxylic acid cycle to produce energy (Adeva-Andany et al., 2019;
Watts & Ristow, 2017), and is also involved in the regulation of genes that
are important for response to dietary response. Unsurprisingly, nhr-49
mutants have more severe phenotypes than nhr-80 mutants (Brock et al.,
2006; Van Gilst et al., 2005). A loss-of-function mutation in nhr-49 (but not
of nhr-80) is synthetic lethal when combined with the pagr-2 mutant; in
contrast, nhr-49 gain-of-function alleles suppress pagr-2 mutant
phenotypes by boosting fat-7 desaturation and increasing UFA levels
(Svensk et al., 2013; Svensson et al., 2011). While not studied in this thesis,
the sterol regulatory binding protein SBP-1 (homolog of mammalian SREBP)
is likewise activated by PAQR-2 during membrane rigidity challenges to
promote A9 desaturation and is an important part of the PAQR-2
membrane fluidity regulation pathway (Svensk et al., 2013; F. Yang et al.,
2006).
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MDT-15

The mediator subunit MDT-15, a homolog of mammalian MED15, is a
transcriptional mediator that binds to and facilitates the activity of nhr-49
and sbp-1 and subsequently desaturase expression (Blazek et al., 2005;
Taubert et al., 2006; F. Yang et al., 2006). A mdt-15 loss-of-function mutation
results in reduced fat-7 expression and fat levels, but supplementation with
oleic acid rescues these defects indicating that A9 desaturases are MDT-15
targets (F. Yang et al.,, 2006). Indeed, there is a partial overlap in the
expression patterns of mdt-15 and nhr-49 suggesting that these genes are
part of the same regulatory network (Taubert et al., 2006). In addition to
regulating expression of nhr-49 and sbp-1, which induce A9 desaturase
expression, MDT-15 also regulates several fatty acid metabolism genes,
including short-chain acyl-CoA-dehydrogenase ACDH-2, lipid binding
protein LPB-1, and A12 desaturase FAT-2, among others (Taubert et al.,
2006). Like gain-of-function mutations of nhr-49 and sbp-1, a gain-of-
function allele of mdt-15 also suppresses the mutant phenotypes of pagr-2
mutant worms (Svensk et al., 2013).

ACS-13

There are 23 acyl-CoA synthetase (ACS) genes in C. elegans, homologs to
human ACSL genes, which catalyze the initial reaction in fatty acid
metabolism and activate fatty acids for use in several processes (Watkins et
al.,, 2007). ACS-13, a homolog of human ACSL1, was first proposed to
promote incorporation of PUFAs into phospholipids by decreasing their
utilization in mitochondria (Ruiz, Bodhicharla, et al., 2019); however, a new
study suggests that it actually acts by activating SFAs and channeling them
for incorporation into phospholipids, specifically PEs (Sheokand et al.,
2025). A forward genetic screen identified a loss-of-function allele of acs-
13 as a suppressor of pagr-2 mutant phenotypes; it was found to enhance
the suppressing effects of the mdt-15 gain-of-function mutant on pagr-2
and was a partial pagr-2 suppressor on its own (Ruiz, Bodhicharla, et al.,
2019). The synergy with the mdt-15 gain-of-function allele to fully suppress
the paqr-2 mutant suggest that acs-13 requires elevated UFA levels (a result
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of the mdt-15 mutation) to efficiently act as a pagr-2 suppressor.
Additionally, ACS-13 was determined to localize to the mitochondria in
intestine and hypodermis and this expression is influenced by MDT-15 (Ruiz,
Bodhicharla, et al., 2019). Human ACLS1 can activate LCFAs prior to their
import into the mitochondria, which led to the hypothesis that the acs-13
mutant channels fewer LCFAs/PUFAs into mitochondria, freeing up FAs for
incorporation into phospholipids and fluidizing membranes. However, as
mentioned above, this hypothesis has been revised and it is now believed
that functional ACS-13 promotes incorporation of SFAs into phospholipids
and that its loss only indirectly leads to increased UFA levels in
phospholipids (Ruiz, Bodhicharla, et al., 2019; Sheokand et al., 2025).
Downstream of ACS-13, the membrane fluidity homeostasis protein FLD-1
(homolog of human TLCD1) is responsible for incorporating SFAs into
lysophospholipids and, again, its loss only indirectly leads to increased UFAs
in phospholipids (Sheokand et al., 2025).

ACS-4

Acyl-CoA synthetase ACS-4 (homolog of human ACSL4), a paralog of ACS-
13, activates UFAs and channels them for incorporation into phospholipids.
Loss of ACSL4 in human cells increases sensitivity to SFAs, particularly when
AdipoR2 is knocked out (Ruiz et al., 2021; X. G. Zhu et al., 2019). In fact, in
a CRISPR-Cas9 screen ACSL4 has been identified as crucial for protecting
cells from SFA toxicity (X. G. Zhu et al., 2019). ACSL4 preferentially acts on
PUFAs and loss of ACSL4 decreases levels of PUFA-containing phospholipids
(Doll et al.,, 2017; Kang et al.,, 1997; Killion et al., 2018; Shimbara-
Matsubayashi et al., 2019). C. elegans acs-4 mutants develop similarly to
wild-type during larval stages yet become sterile adults that produce
neither sperm nor oocytes, showing that acs-4 activity is essential for
germline development (H. Tang & Han, 2017). ACS-4 is localized to lipid
droplets in the intestine and hypodermis, and studies suggest that ACS-4
also acts in the germline to promote the spermatogenesis-to-oogenesis
switch with free FAs produced in the soma acting as substrates of germline-
expressed ACS-4 for this germ cell fate decision (H. Tang & Han, 2017;
Vrablik et al., 2015).
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HPO-8

Very-long-chain (3R)-3-hydroxyacyl-CoA dehydratase HPO-8 (homolog of
human HACD3) is an ER-bound enzyme that catalyzes the third of four
reactions in the long-chain fatty acid elongation cycle that adds two carbons
to the end of long- and very long-chain fatty acids (Haslam & Kunst, 2013;
Ikeda et al., 2008). There are 4 HACD proteins in mammals that interact with
ELOVL proteins to perform the condensation, reduction, dehydration, and
reduction steps necessary for fatty acid elongation. In C. elegans, the
elongation reactions are performed by LET-767, ELO-2, ART-1, and HPO-8
(Denic & Weissman, 2007; Leonard et al., 2004; Sassa & Kihara, 2014; Sawai
et al., 2017). In a study of the four HACD human proteins, expression of
HACD3 showed a slight activity toward the elongation of SFAs and MUFAs
but had little effect on the elongation of PUFAs, while HACD1 and HACD2
had more broad activity (Sawai et al., 2017). HPO-8 is essential in C. elegans
since the mutant arrests at larval stages, revealing the importance of long-
chain fatty acids (Ruiz et al., 2023).
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Figure 3. Model of the PAQR-2 pathway. 1) Dietary SFAs or the action of enzymes
such as ACS-13 and FLD-1 leads to the incorporation of SFAs into membrane
phospholipids resulting in 2) rigid membranes that 3) activate the PAQR-2/IGLR-2
complex whereby 4) PAQR-2 produces S1P that activates NHR-49/MDT-15/SBP-1 to
promote A9 desaturation and 5) PAQR-2 recruits a fatty acid elongation complex
that lengthens UFAs. 6) The newly produced UFAs are channeled for incorporation
into phospholipids to fluidize membranes. 7) Lipid pools, including the UFAs
produced downstream of PAQR-2 activity, are shared systemically. Pathway
adapted from (Ruiz et al., 2023).
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FATTY ACID DESATURATION

One of the papers produced in this thesis work revolves around the fatty
acid desaturase FAT-2 and genetic suppressors of FAT-2 deficiency. The
following sections summarize the role of FAT-2 in C. elegans as well as the
HIF-1 pathway that was found to be relevant for FAT-2 activity in Paper lll
(discussed in Results).

FAT-2, A A12 DESATURASE

As mentioned above, FAT-2 is a A12 desaturase in C. elegans responsible for
converting OA (18:1) into LA (18:2) by adding a second double bond to a
fatty acid at the 12" carbon from the carboxyl group (Peyou-Ndi et al., 2000;
Watts & Browse, 2002; Zhou et al., 2011). While C. elegans are rare among
animals for having A12 desaturase activity, a few other animal species can
also synthesize OA to LA, including American cockroaches, crickets, slugs,
and snails (Borgeson et al., 1990; Cai et al., 2020; Weinert et al., 1993).
Through a screen looking for fatty acid desaturase mutants in C. elegans,
the fat-2(wa17) allele (caused by a serine to phenylalanine substitution at
position 101 in FAT-2, (Fig. 4A)) was identified as a near-null allele of fat-2
with approximately 5% enzymatic activity compared to wild-type (Watts &
Browse, 2002). fat-2(wal7) worms were found to contain only a small
fraction of total PUFAs compared to wild-type worms (9.9 vs 39.6 mol %)
and although they did have small amounts of 18:2 fatty acids, linoleic acid
(18:2n6) was undetectable and instead small levels of unusual 18:2n9 and
18:2n7 were measured. Because fat-2(wal7) mutant worms have limited
desaturase activity, MUFAs accumulate and, in fact, fat-2(wal17) worms
have almost 10-fold more 18:1n9 compared to wild-type worms. This
abnormal fatty acid profile in fat-2(wa17) worms is accompanied by many
defects including sluggish movements, reduced brood size, and defective
sperm motility (Kubagawa et al., 2006; Watts & Browse, 2002). Of particular
importance for this thesis, while it takes wild-type worms approximately
three days to develop into pregnant adults, fat-2(wal17) worms require
almost seven days to develop into adults, and in many cases do not reach
adulthood or do not produce viable offspring (Watts & Browse, 2002). Given
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that the fat-2 near-null mutation causes severe defects, we can assume that
PUFAs are essential for growth and while there are several known functions
of PUFAs, the third paper in this thesis will focus on identifying suppressors
of PUFA deficiency phenotypes.

FAT-2, along with the other fatty acid desaturases in C. elegans, are diiron-
oxo integral membrane proteins that require molecular oxygen,
cytochrome bs and NADH-cytochrome bs reductase as co-factors (Fig. 4A-
B) (Paton & Ntambi, 2009; Strittmatter et al., 1974; Watts & Browse, 2002).
Desaturase proteins each contain three conserved histidine-rich sequences
(His-boxes) that coordinate the diiron-oxo structure at the active sites and
each of these His-boxes is essential for enzyme function (Fig. 4A-B)
(Shanklin et al.,, 1994; Shanklin & Cahoon, 1998). Desaturase reactions
require two Fe?* ions that bind to and activate an oxygen molecule to
remove two hydrogens from an acyl chain which results in the formation of
a double bond (Fig. 4C) (Cai et al., 2020; Shanklin & Cahoon, 1998; Shen et
al., 2020). A study on mammalian stearoyl-CoA desaturase (SCD1) found
that it loses its activity and becomes inactive on average after nine
enzymatic cycles due to the loss of one Fe?* ion in the diiron center, but that
SCD1 can sustain its enzymatic activity if free ferrous ions are exogenously
supplied (Shen et al., 2023). While no studies thus far have been published
testing if exogenous Fe?* can sustain the enzymatic activity of FAT-2,
presumably all desaturases may benefit from an ample supply of Fe?* given
their structural and functional similarity.
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FUNCTION OF PUFAS

PUFAs are more than just potent membrane fluidizers: they affect many
cellular processes, including mitochondrial function, oocyte development,
insulin regulation, and autophagy, and act as precursors for signaling lipids
(Calder, 2012; Harayama & Shimizu, 2020a; O’Rourke et al., 2013; Vrablik &
Watts, 2013). As mentioned earlier in this thesis, PUFAs are essential
nutrients that must be obtained from the diet in mammals; in particular ®-
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3 PUFAs are believed to have powerful health benefits. Studies on knock-
out mice lacking elongases or desaturases, or being fed a PUFA-deficient
diet, revealed that PUFAs have important functions in several tissues
throughout the body, including brain, gonads, bloods cells, and metabolic
tissues (Harayama & Shimizu, 2020b; Roqueta-Rivera et al., 2010; Stoffel et
al., 2008, 2013). For example, the lack of PUFA-derived eicosanoids, which
are lipid-based signaling molecules, in AA-deprived mice resulted in
reduced viability and reduced immune function (Fan et al., 2012). In
another study of A6 desaturase knockout mice, the KO mice had
significantly lower body weight than wild-type as well as poor learning and
memory performance (Harauma et al., 2017). Additionally, in ELOVL5
knockout mice, the lack of AA and DHA resulted in the activation of genes
involved in FA and triglyceride synthesis, which ultimately led to the
development of hepatic steatosis in the KO mice (Moon et al., 2009). Aside
from these examples, improper ratios of SFAs versus PUFAs is associated
with diseases such as coronary heart disease, diabetes, and kidney disease
(Simopoulos, 1999).

As mentioned, PUFAs are the precursors of the signaling molecules
eicosanoids, which can have both pro- and anti-inflammatory effects (James
et al., 2000). ®-6 and ®-3 PUFAs are precursors for different eicosanoids,
with opposing metabolic effects, and a high ratio of m-6 derived eicosanoids
to -3 derived eicosanoids is associated with an increased risk of blood
clots and atheroma (fatty buildup in arteries), as well as increased risk of
developing allergic and inflammatory disorders (Brox et al., 1983; Lewis et
al., 1986; Weber et al., 1986). Unsurprisingly, when the ®-6 to ®-3 ratio is
high, the prevalence of type 2 diabetes increases as well (RAHEJA et al.,
1993).

In C. elegans, PUFAs are required for proper development, as evidenced by
the mutant phenotypes, such as slow development and low brood sizes,
visible in desaturase and elongase mutants that can be rescued with
exogenous PUFAs (Watts et al., 2003; Watts & Browse, 2002). PUFAs are
also required for efficient neurotransmission in C. elegans, demonstrated
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by A6 desaturase mutants that have reduced synaptic vesicles and release
abnormally low levels of neurotransmitters (Lesa et al., 2003). This provides
a link between C. elegans and human health as PUFAs are essential in
humans for brain function as well (Bazinet & Layé, 2014). From these and
numerous other studies, we can conclude that PUFAs are important not just
for membrane function at the cellular level but are also essential for
organismal health.

HIF-1 PATHWAY

Hypoxia-inducible factor (HIF) is an oxygen- and iron-dependent
transcription factor that plays an essential role in cellular response to low
oxygen levels (hypoxia). C. elegans possesses two HIF proteins, HIF-1 and
AHA-1, which are homologs of the human HIF-1a and HIF-1 respectively.
In humans, the HIF-1p subunit, also referred to as ARNT (aryl hydrocarbon
receptor nuclear translocator), is constitutively expressed while HIF-1a is
regulated by oxygen levels (J. W. Lee et al., 2004).

C. elegans HIF-1 regulates the expression of genes involved in numerous
physiological processes including metabolism, growth, and development,
especially when oxygen levels are low. HIF-1 activity varies with changing
oxygen environments in C. elegans. During normoxia, HIF-1 is hydroxylated
by the EGL-9/PHD prolyl hydroxylase, a Fe(ll)- and 2-oxoglutarate-
dependent dioxygenase. The ubiquitin E3 ligase VHL-1 (von Hippel-Lindau
tumor suppressor homolog-1) then binds to HIF-1 and marks it for
proteasomal degradation (Fig. 5A) (L. Fan et al., 2014; Semenza, 1999; C.
Shen et al., 2005). During hypoxia, however, the lack of oxygen inhibits
hydroxylation, causing HIF-1 to translocate to the nucleus where it
dimerizes with AHA-1, activates the expression of target genes, and
increases oxygen delivery or allows adaptation to hypoxia (Semenza, 1999).

The function of HIF-1 is not limited to oxygen sensing and hypoxia response
but extends to other stress responses such as in oxidative stress and aging.
In fact, HIF-1a. in humans has been implicated in several neurogenerative
diseases, including ALS, Alzheimer’s, and Parkinson’s disease (S. M. Kim et
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al., 2013; Lall et al., 2019; Pinilla et al., 2021). Six HIF-1o. SNPs have also
been associated with increased risk of several cancer types including breast,
lung, colorectal, renal cell carcinoma, and oral cancers, among others (M.
K. Chen et al., 2009; Fransén et al., 2006; Gladek et al., 2017; Konac et al.,
2007; J. Y. Lee et al., 2008; Naidu et al., 2009; Ollerenshaw et al., 2004).
During hypoxic conditions, there is a reduction in cell proliferation rate in
non-cancerous cells, meaning that there is not enough oxygen for new
oxygen-consuming cells. Tumor microenvironments are often hypoxic, and
while tumor cells thrive by activating HIF-1 and reprogramming metabolism
and protein synthesis (Z. Chen, Han, et al., 2023), non-cancerous cells have
to compete for the little available oxygen, allowing tumor cells to proliferate
at a faster rate than healthy cells (Mbugua, 2022). HIF-1 is upregulated in
cancer cells and as such plays a critical role in controlling the expression of
genes associated with cancer development and metabolic changes (Karami
Fath et al., 2023; Mylonis et al., 2019).

C. elegans null mutants of hif-1 are hypersensitive to hypoxia but are viable
during normoxia and, interestingly, have increased lifespans compared to
wild-type worms as deleting HIF-1 activates the pro-longevity DAF-16 stress
response (Bellier et al., 2009; Jiang et al., 2001; Zhang et al., 2009). hif-1
null mutant worms also have lower levels of total iron and manganese but
are more resistant to oxidative stress (Bellier et al., 2009; Romney et al.,
2011). As stated above, HIF-1 is hydroxylated by EGL-9 during normoxia, and
this reaction requires both oxygen and iron. Once HIF-1 is hydroxylated, it
is targeted by VHL-1 for degradation (Fig. 5A). However, if iron or oxygen
are deficient, EGL-9 is inactivated thus allowing HIF-1 to modulate target
gene expression (lvan et al., 2001). For instance, during iron deficiency HIF-
1 regulates iron uptake and storage by causing increased expression of the
intestinal Fe?* transporter SMF-3 and inhibiting expression of the ferritin
proteins FTN-1 and FTN-2 (Ackerman & Gems, 2012; Romney et al., 2008,
2011).

Iron metabolism is relatively well conserved between mammals and C.

elegans, with many of the genes involved in mammalian iron metabolism
having C. elegans homologs. There are two mammalian ferritins, ferritin
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heavy subunit (FTH) and ferritin light subunit (FTL), that store iron in a stable
mineralized form to prevent free radicals (Theil, 2013). FTH has an intrinsic
ferroxidase activity that converts ferrous (Fe?*) to ferric (Fe*) ions, while
FTL does not. The two C. elegans ferritins are more homologous to FTH than
FTL as both have ferroxidase activity, with ftn-1 being expressed primarily
in intestine while ftn-2 is expressed in the intestine and other tissues such
as the pharynx, body-wall muscles, and hypodermis (Gourley et al., 2003; Y.
Il Kim et al., 2004). Both ftn-1 and ftn-2 are induced by high iron exposure,
although ftn-1 is induced to a higher extent, and only ftn-1 mutants are iron
sensitive (Y. Il Kim et al., 2004; Valentini et al., 2012). During iron deficiency,
ftn-1 and ftn-2 are repressed as HIF-1 binds to hypoxia response elements
located in the iron-dependent enhancer (IDE) upstream of both ftn-1 and
ftn-2. To sum up, during iron deficiency or hypoxia, EGL-9 is downregulated
which prevents HIF-1 degradation, HIF-1 being active then inhibits ftn-1 and
ftn-2 which increases ferrous ion pools (Fig. 5B) (Ackerman & Gems, 2012;
Y. Il Kim et al., 2004; Romney et al., 2008, 2011). The increased iron levels
inhibit hypoxia-induced cell death, reduce mitochondrial damage, and
restore mitochondrial function to increase cell survival rate (Hu et al.,
2022). HIF-1 therefore regulates iron homeostasis by up- or down-
regulating genes involved in iron uptake and storage.

In addition to iron metabolism, HIF-1 plays a role in lipid metabolism as well.
Fatty acid binding proteins FABP3 and FABP7, which are involved in FA
uptake, are both induced by hypoxia in a HIF-1la-dependent manner and
lead to significant lipid droplet accumulation in mammalian cells. This lipid
droplet accumulation is due to FABP3/7-dependent fatty acid uptake, as FA
synthesis is repressed during hypoxia (Bensaad et al., 2014). In a separate
study, silencing of HIF-1o. promoted lipid accumulation in non-alcoholic
fatty liver disease (NAFLD) cells and increased the levels of TAGs.
Additionally treating HIF-1-silenced cells with OA and/or PA resulted in the
upregulation of lipid metabolism-related genes and further increased lipid
accumulation in NAFLD cells. Interestingly, HIF-1a. was found to bind to
PPARa, and this relationship was enriched in NAFLD cells, but when HIF-1a.
was silenced the PPARa signaling pathway was inhibited. By itself, PPARa
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can improve steatosis, inflammation, and fibrosis in NAFLD, however when
inhibited due to HIF-1a silencing these beneficial effects go away (He et al.,
2021). Several papers have found that HIF-1 upregulates the expression of
genes which facilitate fatty acid synthesis and lipid storage, which in turn
are metabolic responses to hypoxia (Furuta et al., 2008; Menendez & Lupu,
2007; Mylonis et al., 2012).

A) Normoxia

e 2

B) Hypoxialiron deficiency

® O @

Increased Fe?* pools

OH ®
— 0
@
HIF-1 degraded

Figure 5. HIF-1 pathway during normoxia and hypoxia. A) HIF-1 signaling during
normoxia where HIF-1 is degraded by EGL-9 and VHL-1. B) HIF-1 signaling during
hypoxia and/or iron deficiency where HIF-1 upregulation inhibits ferritin to increase
ferrous ion pools.

DISEASE RELEVANCE

As established in this thesis, the PAQR-2 and HIF-1 pathways are both
important for unsaturated fatty acid synthesis in C. elegans. The research
touched on is not only relevant for studies in worms, but it also has
connections to human diseases because both AdipoR2 and HIF-1a have
been implicated in disease progression. As previously discussed, the fatty
acid composition within membranes is influenced by diet, and improper
fatty acid homeostasis can increase risk for developing diseases such as
cardiovascular disease, diabetes, and cancers (Estruch et al.,, 2018;
Martinez-Gonzalez et al., 2008; Schwingshackl et al., 2017). The AdipoR2
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pathway is essential for responding to membrane fluidity challenges, and
as such mutations in AdipoR2 and its downstream interactors can result in
increased adiposity/obesity and shift lipidomic profiles, as well as increase
insulin resistance. Such changes put individuals at increased risk for
developing diabetes, certain cancers, heart disease, and neurodegenerative
disorders such as Alzheimer’s and Parkinson’s (Z. Chen, Yang, et al., 2023;
Kubota et al., 2002; Mocifio-Rodriguez et al., 2017; Tiwari et al., 2015;
Yamauchi et al., 2003).

We found that the HIF-1 pathway can contribute to unsaturated fatty acid
homeostasis by boosting residual desaturase activity in a C. elegans mutant,
as discussed further in Paper lll results. This too could have implications for
human health since imbalances in PUFA levels are already implicated in
progression of several diseases. Improper PUFA levels can, for example,
increase risk of blood clots and atheroma, lead to heart disease, type 2
diabetes, NAFLD, kidney disease, and autoimmune disorders (Brox et al.,
1983; Lewis et al.,, 1986; Moon et al., 2009; RAHEJA et al., 1993;
Simopoulos, 1991, 1999; Weber et al., 1986). Additionally, several
mutations in the HIF-1 pathway have connections to the development of
cancers and neurodegenerative diseases (specifics have been discussed
above under the HIF-1 pathway) (M. K. Chen et al., 2009; Fransén et al.,
2006; Gladek et al., 2017; S. M. Kim et al., 2013; Konac et al., 2007; Lall et
al., 2019; Pinilla et al., 2021).

Mutations within the AdipoR2 and HIF-1 pathways therefore both have
effects on fatty acid homeostasis and additionally confer increased risk for
developing several of the same diseases (diabetes, cancers, heart disease,
to name a few) (Fig. 6). Although much of the work detailed in this thesis
has been done in C. elegans, it would be interesting to know if the research
presented here could be used to eventually develop treatments to human
diseases.
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Figure 6. Diseases associated with UFA homeostasis defects. Cartoon showing
some of the health issues resulting from or associated with a UFA imbalance and
for which the AdipoR2 and HIF-1 pathways may be of relevance in humans.
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AlM

The aim of this thesis is to better understand the molecular genetics basis
and physiological roles of fatty acid homeostasis using C. elegans as a model
organism. PAPER | focuses on detailing the effect of impaired membrane
homeostasis on worm physiology. Worm mutants with a range of
membrane composition profiles were created to study the deleterious
effects of suboptimal membrane fluidity on numerous cellular and
physiological traits. PAPER Il further defines the PAQR-2 membrane
homeostasis pathway by identifying protein interactors of PAQR-2 that
likely provide a molecular basis for what had hitherto been called the
"second branch" of the PAQR-2 pathway, i.e. the promotion of PUFA
insertion in phospholipids. PAPER Il shifts the focus to identifying
mutations that compensate for polyunsaturated fatty acid deficiency in
worms that are nearly deficient in FAT-2 desaturase activity. This paper
uncovers a novel role of the HIF-1 pathway in fatty acid homeostasis.
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RESULTS AND DISCUSSION

PAPER I: A genetic titration of membrane composition in
Caenorhabditis elegans reveals its importance for multiple cellular
and physiological traits

This paper follows previous research from the Pilon lab where they
identified the partially redundant roles of the membrane fluidity
sensors/regulators PAQR-1 and PAQR-2 and determined that a double pagr-
1,pagr-2 mutant worsens the mutant phenotypes of the pagr-2 mutant
(Busayavalasa et al., 2020; Svensk et al., 2016; Svensson et al., 2011). The
Pilon lab also identified mutations that increase UFA content in
phospholipids and fall on the other side of the membrane fluidity spectrum
from paqr-1,paqr-2. Such mutations include gain-of-function mutations of
mdt-15 and nhr-49 that promote desaturase expression and loss-of-
function of acs-13 that indirectly promotes channeling of PUFAs into
membrane phospholipids (Ruiz, Bodhicharla, et al., 2019; Sheokand et al.,
2025; Svensk et al., 2013) (Fig. 7A). The aim of this paper, therefore, was to
characterize the cellular and physiological effects caused by a range of too
fluid to too rigid membraned mutants.

RESULTS
Membrane composition directly impacts membrane fluidity

We generated five C. elegans strains with varying degrees of membrane
fluidity. On the rigid side, a paqr-1(tm3262);paqr-2(tm3410) double mutant
(referred to as p1p2) as well as a pagr-2(tm3410) single mutant (p2). With
wild-type N2 worms acting as the middle of the fluidity spectrum, the
excess fluidity strains consisted of a double mdt-15(et14);nhr-49(et8)
mutant (mn) and an mdt-15(et14);acs-13(et54);nhr-49(et8) triple mutant
(man) (Fig. 7B). After confirming the fluidity gradient with fluorescence
recovery after photobleaching (FRAP), we determined that membrane
fluidity was heavily influenced by fatty acid composition. While N2 worms
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change their membrane composition to adapt to temperature changes, i.e.
becoming rich in UFAs at cold temperatures and rich in SFAs at warm
temperatures, the composition of the five strains varied substantially when
all grown in identical conditions. The rigid p1p2 strain had an abundance of
rigidifying SFAs, while the fluid man strain was rich in fluidizing PUFAs, seen
at all three temperatures tested (15°, 20°, 25°C) as well as in both PEs and
PCs. Therefore, the membrane fluidity correlates directly with membrane
composition.

Multiple physiological traits correlate with membrane fluidity

Characterization of several physiological traits revealed that both
excessively rigid and excessively fluid membranes can have deleterious
effects on worm health (Fig. 7C). Plasma membrane leakiness, measured by
Hoechst 34580 staining, was seen in all strains except for N2, confirming
that while excess UFA levels can cause gaps and leakiness in membranes,
excess SFAs can also lead to membrane leakiness due to loss of membrane
integrity.

Tolerance to different temperatures and diets also varied among the strains,
with the rigid strains unable to grow at membrane-rigidifying cold
temperatures, and fluid strains growing less than N2 at membrane-
fluidizing warm temperatures. Unsurprisingly, pI1p2 and p2 failed to grow
in the presence of SFA-rich diets, and although mn and man were not
particularly affected by any diet, they did experience a slight reduction of
growth on fluidizing NP40 treatment, confirming that fluidizing already fluid
strains is detrimental while rigidifying rigid strains is detrimental. Both the
fluid and rigid strains also exhibited reduced lifespans and reduced brood
sizes relative to N2, underlining the importance of proper membrane
composition for health. To further investigate the cause of the reduced
brood sizes in each strain, we visualized vitellogenin (lipoproteins that
transport lipids and nutrients from the intestine to gonads) trafficking. In
N2 worms, vitellogenin accumulates within developing oocytes, however
this trait was impaired in the other strains. pI1p2 and p2 worms showed low
levels of vitellogenin overall, and it accumulated into the pseudocoelomic
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cavity rather than in oocytes. In contrast, the excessively fluid strains
exhibited an excess accumulation of vitellogenin in oocytes relative to N2.
While further investigating reproductive defects, we saw that the rigid
strains had disorganized membranes within the gonad as well as
disorganized oocytes and embryos. Although the excess fluidity strains had
relatively well-organized gonad membranes, they did accumulate late-stage
embryos in the uterus, especially at warmer temperatures.

Cellular defects correlate with membrane fluidity

In addition to physiological defects associated with changes from optimal
membrane composition, several cellular processes are affected as well.
When examining lipid peroxidation levels in the fluid and rigid strains, we
saw that those strains low in PUFAs, p1p2 and p2, had low levels of lipid
peroxidation while strains with an excess of PUFAs, mn and man, had high
levels of lipid peroxidation. This falls in line with previously accepted
knowledge that lipid peroxidation is propagated by PUFAs. Similarly, we
showed contrasting effects on membrane composition of autophagosome
formation, with rigid strains having almost no autophagosomes and man
having an excess of autophagosomes compared to N2, most likely due to
both increased autophagosome formation and impaired degradation of
autophagolysosomes. Finally, shifting the worms to colder temperatures
induced autophagy, showing that increased rigidity correlates with higher
autophagy and increased fluidity correlates with lower autophagy.

DISCUSSION

In this paper, we established a panel of C. elegans strains that genetically
titrate membrane fluidity, ranging from those with overly rigid membranes
to those with overly fluid membranes, and additionally detailed the effects
of suboptimal membrane composition on several traits. We determined
that both the rigid and the fluid strains have permeable membranes,
reduced lifespans, and reduced brood sizes, but that the rigid and fluid
strains differ in their susceptibility to lipid peroxidation and autophagy as
well as having vastly different lipidomic profiles consistent with their
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membrane fluidity phenotypes. We concluded that proper membrane
composition is crucial for several processes, not just those related to
membrane fluidity, and that most cellular processes are likely dependent
on membrane homeostasis.

This paper is consistent with several previously hypothesized ideas about
how membrane fluidity impacts different processes and phenotypes
(Fanning et al., 2019; Guschina & Harwood, 2006; Manni et al., 2018; W. S.
Yang et al., 2016), both in worm strains that have excessively fluid
membranes and excessively rigid membranes, and interestingly that excess
fluidity/rigidity can have the same effects on organisms. Both the rigid and
fluid strains had similar defects in oogenesis, membrane permeability, and
lifespan, even though they had opposite phospholipid compositions. It
makes sense that having excess fluidity will not improve oogenesis or
lifespan compared to the wild-type or the rigid strains, as the worms are
still not entirely healthy, but it was surprising to note that the rigid strains
also had leaky membranes. One can imagine that fluid membranes will be
leaky due to gaps between phospholipids, however it is not as obvious that
rigid membranes would be leaky as well.

It is also important to note that the mutant alleles in this paper are known
to have functions outside of membrane homeostasis regulation, meaning
that the results seen cannot be due entirely to faulty membranes. ACS-13,
MDT-15, and NHR-49 are known to have roles as regulators of PUFA
utilization, stress response, and [3-oxidation (Goh et al., 2013; Moreno-
Arriola et al., 2016; Ruiz, Bodhicharla, et al., 2019; Taubert et al., 2006).
Even with the possibility that other factors are influencing the phenotypes
studied in this paper, the strains created should still serve as a guide for the
effects membrane fluidity can have on an organism.
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Own contributions to Paper I:

1.

Growth experiments: | performed growth experiments on NGM, 25°C,
EPA, and NP40.

Lifespan assays: | did one of the replicates of the lifespan assay for all
five strains at 15°C, 20°C, and 25°C.

Oogenesis assays: | crossed the pie-1::gfp reporter into strains and
imaged strains at three temperatures. Additionally, | Hoechst-stained
worms to visualize germline defects at three temperatures.
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PAPER Il: AdipoR2 recruits protein interactors to promote fatty
acid elongation and membrane fluidity

RESULTS
AdipoR2 is required for elongation and desaturation of linoleic acid

We began this paper by confirming that AdipoR2 is important for fatty acid
elongation and desaturation and PUFA incorporation into phospholipids. By
incubating AdipoR2 siRNA-silenced HEK293 cells with *C-labeled OA or LA,
we found that AdipoR2 silencing limits uptake and incorporation of
exogenous OA into phospholipids, as evidenced by a reduced total level of
13C-labeled OA and its derivatives in PCs and PEs. AdipoR2 silencing had no
effect on total levels of *C-labeled LA or its derivatives in PCs and PEs, but
did significantly increase the levels of short, more saturated PCs and PEs
while decreasing the levels of longer, desaturated phospholipids. The
reduction of long, desaturated PUFAs indicates that AdipoR2 is required for
elongation and desaturation of LA and perhaps also the incorporation of
long-chain PUFAs into phospholipids.

PAQR-2 and AdipoR2 interact with fatty acid metabolism proteins

To determine how AdipoR2/PAQR-2 influence fatty acid elongation and
desaturation, we performed immunoprecipitations to identify protein
interactors of AdipoR2 and PAQR-2 in both human HEK293 cells and C.
elegans. After filtering for proteins that were only present in PAQR-2::HA
and AdipoR2::HA samples and not their respective controls, we identified
several proteins that are involved in fatty acid metabolism (Fig. 8A). Several
proteins associated with the life cycle of transmembrane proteins were also
pulled down in the immunoprecipitations, but for this paper we chose to
focus on proteins that could explain PAQR-2/AdipoR2’s involvement in fatty
acid processing. Among the fatty acid metabolism proteins, we identified
FASN-1/FASN (fatty acid synthetase), LBP-5,6/FABP4 (fatty acid binding
protein), as well as three of the four enzymes required for fatty acid
elongation (ELO-2/ELOVL3/6, LET-767/HSD17B12, HPO-8/HACD-3) and the
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fatty acid CoA synthetase ACS-4/ACSL4. We chose to continue the paper by
confirming the interaction of PAQR-2/AdipoR2 with HPO-8/HACD-3 and
ACS-4/ACSL4. HPO-8/HACD3 was chosen because it was the protein in the
fatty acid elongation complex that came down in both worm and human
IPs, and although ACS-4 was only identified in the worm IPs, previous work
has shown that it is important for AdipoR2s function in mammals as well
and was therefore also chosen for further studies.

PAQR-2/AdipoR2 interacts with HPO-8/HACD3 and ACS-4/ACSL4

As PAQR-2/AdipoR2 interact with three of the four ER-bound enzymes
required for fatty acid elongation, we chose to focus on and confirm the
interaction of PAQR-2 and AdipoR2 with HPO-8 and HACD3 respectively.
HPO-8/HACD-3 is a 3-hydroxyacyl-CoA dehydratase that catalyzes the third
step in the long-chain fatty acid elongation cycle and adds two carbons to
the chain of long- and very-long FAs. First, we confirmed the interaction of
PAQR-2 with HPO-8 by co-immunoprecipitations and colocalization in C.
elegans samples and followed this with confirming the interaction of
AdipoR2 and HACD3 by bimolecular fluorescence complementation (BiFC)
and colocalization experiments.

Next, we confirmed the interaction of PAQR-2/AdipoR2 with the FA CoA
synthetase ACS-4/ACSL4. Although in the original immunoprecipitations the
two proteins only interacted in the worm samples, prior research indicated
that the proteins should also interact in human samples (Ruiz et al., 2021;
X.G.Zhuet al., 2019). Indeed, after confirming via co-immunoprecipitations
and colocalizations experiments that PAQR-2 and ACS-4 interact in worms,
BiFC and colocalization experiments in human cells also confirmed that
ACSL4 interacts with AdipoR2, indicating that the original IP method was
not as sensitive as the further tests and that some protein interactors might
be missed.

Interestingly, we next showed by co-IPs that PAQR-2, HPO-8, and ACS-4 are

all part of one complex (Fig. 8B) indicating that PAQR-2 may recruit HPO-8
and ACS-4, along with other fatty acid metabolism proteins not studied in
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this paper, together to elongate fatty acids and channel their incorporation
into phospholipids to regulate membrane fluidity.

HPO-8 and ACS-4 act downstream of PAQR-2 and hpo-8 mutants display
membrane defects

HPO-8 and ACS-4 are essential proteins and as such hpo-8 mutants arrest
at larval stages and acs-4 mutants are sterile. Like the pagr-2 mutant, FRAP
revealed that hpo-8 worms have rigid intestinal membranes but acs-4
mutants do not have rigid membranes (Fig. 8C). The hpo-8 mutant likewise
arrests at 15°C but benefits from exogenous OA, PA, OA and PA, and
surprisingly glucose. While PA and glucose provide the worms with a high
concentration of SFAs that are harmful to pagr-2 mutant worms, we believe
that hpo-8 mutants benefit from the addition of any longer fatty acids that
they are lacking. Unlike hpo-8, no treatments benefitted the acs-4 mutant
which grew to like wild-type lengths but was sterile in every condition
tested. This most likely is the result of there being 22 other fatty acid CoA
synthetases with partially redundant functions that can channel UFAs into
tissues other than the gonads when acs-4 is absent.

HACD3 and ACSL4 contribute to fluid membranes in human cells

Finally, we Laurdan-stained HEK293 cells in which HACD3 or ACLS4 had
been silenced and determined that silencing either protein results in tightly
packed (i.e. rigid) membranes, although not to the degree exhibited in
AdipoR2-silenced cells (Fig. 8D). HACD3-silenced cells became depleted of
LCFAs and a previous paper revealed that ACSL4 silencing results in an
excess of SFAs in phospholipids (Ruiz et al.,, 2021). These results are
consistent with the theory that ACSL4 and HACD3 are acting downstream
of AdipoR2 to influence and regulate membrane composition.

Given the above results, we proposed that PAQR-2/AdipoR2 recruit a
complex that locally promote fatty acid elongation and channels the
resulting long-chain UFAs for incorporation, via ACS-4/ACSL4, into
phospholipids to maintain fluidity (Fig. 8E).

43



Delaney Kaper

6-
£ 3 x
*
44 o
z
Pt o ol
© )
< oo’
[ 2
o
O_
o}
é‘lx &ﬂ, Qo/
N
E
T
]l LI | l
?
GPCR
L

Figure 8. Summary of Paper Il results. A) Summary of proteomic results showing
interactors of interest with PAQR-2/AdipoR2 (worm protein names are listed). B)
IP/western blot showing interaction of PAQR-2/ACS-4/HPO-8 in one complex.
Silencing hpo-8/HACD3 or acs-4/ACSL4 results in rigid membranes in C) worms
(measured by FRAP) and D) human cells (measured by Laurdan staining). E) PAQR-
2/AdipoR2 pathway as understood after Paper Il. Adapted from (Ruiz et al., 2023).

100 kDa
70 kDa

70 kDa
55 kDa

25 kDa
15 kDa

55 kDa

6 *
o
44
2-
O_
3
J o&ﬂ, &
& °

c
AQR 2
Ceramldas

Input HAIP
g 922 o 92
o x 19O 4 x 30O
<] gL g gL
§ &35 & &35
< <Oz < <0z
I <= I I(E

:

anti-FLAG

\‘<H-

anti-HA

anti-myc

anti-tubulin

NT siRNA
+ PA 200 M

x
% :
g HACD3 SiRNA
5 + PA 200 uM
067

(loose)

LIPID POOL SHARED
AMONG TISSUES

A
%?%?%?%?%iﬁ?%
é%é%l%é@éé@%é

Fluid

7

LCPUFA-CoA

Dietary
fatty acids

44

AdipeR2 SIRNA
+PA 200 uM

ACSL4 siRNA
+PA 200 uM

Human (worm):
ACSL4 (ACS-4)
ADIPOR2 (PAQR-2)
ELOVL3/6 (ELO-2)
HACD3 (HPO-8)
HSD17B12 (LET-767)
PPARyY (NHR- 49)
S1PR3 (?)

SCD (FAT-7)
SREBF1  (SBP-1)
? (IGLR-2)



The PAQR-2 and HIF-1 pathways are physiologically essential for UFA homeostasis

DISCUSSION

In this paper we searched for protein interactors of PAQR-2 in worms and
AdipoR2 in human cells to clarify the mechanisms by which they can sustain
membrane fluidity. Through immunoprecipitation and proteomics analysis,
we identified several proteins that interact with PAQR-2 and/or AdipoR2,
and we focused on proteins associated with fatty acid metabolism, in
particular HPO-8/HACD3 and ACS-4/ACSL4. Given that C. elegans and
humans are separated by over 700 million years of independent evolution
(Nido et al., 2011), the odds of PAQR-2 and AdipoR2 evolving independently
to interact with HPO-8/HACD3 and ACS-4/ACSL4 are very low, and, more
importantly, is an indication that these two proteins are vital in the pathway
to maintain membrane homeostasis.

Previous work within the Pilon group has suggested that there are two
separate pathway branches downstream of PAQR-2/AdipoR2 that help
restore membrane fluidity: the first "branch" acts through S1P to promote
desaturase transcription via SREBF1 and PPARy (human homologs of worm
SBP-1 and NHR-49, respectively) (Ruiz et al., 2022), and the second to
promote UFA incorporation into phospholipids, as evidenced by the fid-1
and acs-13 mutant alleles that act as pagr-2 mutant suppressors (TLCD1 and
ACSL1 are the human homologs of FLD-1 and ACS-13) (Ruiz, Bodhicharla,
et al., 2019; Ruiz et al., 2018). Prior to Paper Il, the second branch of PAQR-
2/AdipoR2 had not been conclusively defined, and the proteomics
approach in this paper aimed to resolve this.

Although ACSL4 was only identified in the initial immunoprecipitations in
the worm samples, previous work suggested that it should be involved in
AdipoR2-dependent membrane regulation (Ruiz et al., 2021; X. G. Zhu et
al., 2019), and in fact further experiments revealed that ACSL4 does indeed
interact with AdipoR2, and it must have been the sensitivity of the initial
proteomics screen that missed some interactors. HPO-8 and HACD3 were
pulled down in both species during the initial immunoprecipitations and
later confirmed with further experiments, however the other two proteins
within the four-protein fatty acid elongation complex that HPO-8/HACD3
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are a part of were only seen in the worm samples. This could again be the
case of lack of sensitivity in the initial experiment, or perhaps that in
mammals the elongation step initiated by HACD3 is the most crucial for
membrane fluidity regulation. Interestingly, within the same category of
interactors, fatty acid synthetase (worm FASN-1 and human FASN) only
interacted with PAQR-2 and not AdipoR2. FASN-1/FASN is an enzyme that
catalyzes the synthesis of palmitic acid from acetyl-CoA and malonyl-CoA
and it is especially important for fatty acid synthesis as it produces the
substrate (PA) that is required by the fatty acid elongation complex (Smith,
1994). Again, this could be a case of the immunoprecipitations/mass
spectroscopy not being sensitive enough to detect FASN in the human
samples, or it could be that FASN interacts with PAQR-2 in worms but not
with AdipoR2 in HEK293 human cells.

While PAQR-2 and AdipoR2 by no means act alone to promote membrane
fluidity, in this paper we proposed that PAQR-2/AdipoR2 recruits an ER-
bound fatty acid elongation complex, including HPO-8/HACD3, to
synthesize UFAs and then utilizes ACS-4/ACSL4 to channel the UFAs into
phospholipids, thus restoring membrane homeostasis. Several other
proteins involved in fatty acid synthesis/metabolism were identified as
PAQR-2/AdipoR2 interactors and these too may have important roles
connected to PAQR-2/AdipoR2’s function. For example, according to the
proteomics results, PAQR-2 and AdipoR2 interact with the fatty acid binding
proteins LBP-5/6 (worm) and FABP4 (human). LBP-5/6 and FABP4 regulate
fat accumulation and storage and act as lipid chaperones. LBPs and FABPs
can facilitate the transport of lipids to specific compartments for storage
(Furuhashi & Hotamisligil, 2008; Xu et al., 2011) and as interactors of PAQR-
2/AdipoR2 could help with transporting the necessary FAs into membranes
to protect cells from membrane rigidification.

The findings in this paper confirm the presence of a previously
uncharacterized second “branch” of PAQR-2 and AdipoR2 that promotes
membrane fluidity. Prior to this paper, the first branch of PAQR-2/AdipoR2
was defined as promoting desaturase transcription via NHR-49 and MDT-
15, among others (Ruiz et al., 2022; Svensk et al., 2013), while the second
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branch had been genetically revealed by the changes in PUFA incorporation
into phospholipids seen in the fid-1 and acs-13 mutants (Ruiz, Bodhicharla,
etal., 2019; Ruiz et al., 2018). More recently it has been suggested that FLD-
1 and ACS-13 act together to promote membrane rigidity by channeling
SFAs into phospholipids, and that PAQR-2 can boost desaturase expression
to counter this; the two pathways thus provide an accelerator and a brake
required for membrane homeostasis (Sheokand et al., 2025). By using
proteomics to identify PAQR-2/AdipoR2 interactors, this paper clarified how
PAQR-2/AdipoR2 mechanistically promote the incorporation of PUFAs into
membrane phospholipids.

Own contributions to Paper Il:

1. Confirmation of PAQR-2 interaction with HPO-8 and ACS-4: |
performed the coimmunoprecipitations and colocalization
experiments confirming the interaction between the proteins in
wormes.

2. FRAP experiments: | performed FRAP on the hpo-8 and acs-4
mutants.

3. Mutant characterization: | performed the growth experiments on
acs-4 and hpo-8 mutants.

4. Confocal microscopy: Crossed the HPO-8::mCherry and ACS-4::GFP
reporters into pagr-2 mutants worms for imaging of protein
expression patterns.
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PAPER IllI: A fat-2(wa17) suppressor screen in C. elegans reveals
genetic adaptation to polyunsaturated fatty acid deficiency

RESULTS

The fat-2(wal7) mutant is deficient in PUFAs and benefits from
exogenous PUFAs

The fat-2(wa17) mutant is a near-null allele of the A12 desaturase FAT-2
and as such the mutant has a limited capacity to convert OA to LA and
subsequently limits further PUFA synthesis. As a result, fat-2(wa17) worms
have severely limited growth, reduced brood size and locomotion, among
other defects. We first confirmed that the defects seen in fat-2(wa17) are
due to the mutation in fat-2 by rescuing fat-2(wa17) with wild-type fat-2(+)
on an extrachromosomal array, then showed that fat-2(wa17) has rigid
membranes, similar to the pagr-2 mutant, most likely due to the fat-
2(wal7)’s lack of fluidizing PUFAs. Unsurprisingly, fat-2(wa17) is rescued by
exogenously provided PUFAs, both LA and EPA which are normally
produced by wild-type worms, and DHA which worms do not produce
themselves (Fig. 9D). This rescue is transient, however, and when worms
grown on LA are transferred back to nematode growth media (NGM; the
control media for culturing worms) their progeny do not receive any
growth benefit. fat-2(wal7) additionally is temperature sensitive, with
worms grown at 15°C having further limited growth compared to 20°C, and
worms grown at 25°C developing better. Interestingly, although fat-
2(wal7) has rigid membranes, the addition of fluidizing diets, such as NP-
40 and OA, did not rescue fat-2(wa17) growth in any way. However, while
fluidizing treatments did not rescue the slow growth of fat-2(wa17), NP-40
diet did rescue the rigid membranes of fat-2(wal7) (unpublished).
Additionally, exogenous PA and glucose, both sources of high
concentrations of SFAs, did not further hinder fat-2(wa17) growth.

Lipidomic analysis confirmed what has previously been published: fat-

2(wal7) has an excess of 18:1 fatty acids both in PCs and PEs, although the
method we used could not distinguish between 18:1n7 (vaccenic acid) and
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18:1n9 (OA). Furthermore, fat-2(wal17) has a significant reduction in total
PUFAs, in particular of 20:5, which is the endpoint fatty acid in C. elegans
fatty acid synthesis/elongation and likely suffers from the lack of LA being
synthesized. Exogenous LA decreased the MUFA levels relative to control
fat-2(wa17) worms and increased the PUFA levels, and transferring LA-
grown worms back to NGM 6 hours before analysis caused the lipidomics
profile to trend back towards fat-2(wa17) control worms.

Mutations within the HIF-1 pathway suppress fat-2(wal7) mutant
phenotypes

In a first genetics approach, we sought to determine if mutations known to
suppress paqr-2 mutant phenotypes could also suppress fat-2(wal7)
phenotypes; these experiments were prompted by the similarities
between the two mutant strains. We found that mdt-15(et14), nhr-49(et8),
fld-1(et46), pagr-1(et52), and acs-13(et54) provide only partial suppression
of fat-2(wal7) mutant phenotypes, further confirming that fluidizing fat-
2(wal7)’s membranes (either with fluidizing diets or with pagr-2
suppressors) does not provide much benefit and that membrane rigidity is
likely not the only or main cause of fat-2(wa17)’s defects.

Next, we performed a forward genetic screen for suppressors of fat-
2(wal7)’s slow growth, i.e. mutations that allowed fat-2(wa17) to develop
into adults within 72 hours as opposed to the 120 hours commonly seen in
the mutant (Fig. 9A). After EMS-mutagenesis and screening of
approximately 40,000 haploid genomes, we identified ten novel mutations
that suppressed the fat-2(wa17) growth defect. Four of the alleles found
(et63-et66) were within the fat-2 gene itself and may work by stabilizing
the FAT-2 protein and allowing for improved desaturase activity. The other
six suppressors identified were within the HIF-1 pathway: 3 alleles of egl-9
(et60-et62), 2 alleles of ftn-2 (et67-et68), and one allele of hif-1(et69) (Fig.
9B). EGL-9 is a proline hydroxylase that regulates the response to iron
depletion and hypoxia, and can hydroxylate HIF-1 leading to its
degradation. Strikingly, the 3 alleles found all affected the same amino acid,
an arginine at position 557, leading to a hypomorph with reduced EGL-9
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function. EGL-9 additionally interacts through its R557 amino acid with
Fe?*/2-oxoglutarate, a required cofactor for its oxygenase activity. We
hypothesize that the mutated version of EGL-9 is not able to hydroxylate
HIF-1 but retains other functions.

FTN-2 is a ferritin protein that is constitutively expressed in the intestine,
muscles, and neurons and has ferroxidase activity to oxidize reactive Fe?*
ferrous ions to stable Fe3* ferric ions. As FTN-2 is a major iron binder, we
expect that the two loss-of-function ftn-2 mutants have less iron than wild-
type worms, but a higher Fe?*/Fe® ratio. As ferrous ions are required for
desaturase activity, we believe that loss of FTN-2 function allows for more
sustained desaturase activity. Indeed, as ftn-2(et68) suppresses both fat-
2(wal7) and fat-2 RNAI silenced worms, but not the fat-2 null mutant, it
appears that this increase of ferrous ions allows for the little amount of
desaturase activity left to be used more efficiently but that it cannot boost
desaturation if the enzyme is fully missing.

Lastly, HIF-1 is a hypoxia inducible factor that is involved in sensing and
responding to low oxygen conditions. The hif-1(et69) allele is the result of
a splice acceptor mutation in the 5" intron of HIF-1, that prevents EGL-9
from hydroxylating HIF-1 and leads to a gain-of-function mutation where
HIF-1 is constitutively active. HIF-1 is known to suppress ftn-2 expression
so a gain-of-function mutation should suppress ftn-2, leading to an increase
of ferrous ions and eventually increased FAT-2 desaturase activity.

Using ftn-2(et68) as a proxy for the HIF-1 pathways suppressors as all of
them converge on FTN-2 inhibition, we saw that in addition to suppressing
fat-2(wal7) mutant’s slow growth, ftn-2(et68) also suppressed several
stress responses that were activated in fat-2(wal7), namely ER UPR,
mitochondrial UPR, and DAF-16 stress responses. ftn-2(et68) also restored
membrane fluidity to fat-2(wa17).

50



The PAQR-2 and HIF-1 pathways are physiologically essential for UFA homeostasis

fat-2(wal17) suppressors influence protein expression and lipidomic
profile

After determining that all suppressors (outside of the intragenic fat-2
alleles) fall within the HIF-1 pathway, we wanted to verify this via western
blot. After tagging HIF-1 with a 3XFLAG tag and confirming that the protein
was properly tagged by seeing an increase in HIF-1 levels after incubating
wild-type worms in hypoxic conditions for 6 or 20 hours, we revealed that
levels of HIF-1 within fat-2(wa17) are reduced, but that the addition of one
of our novel egl-9 mutant alleles leads to a sharp increase in HIF-1 levels,
further confirming that the egl-9 hypomorphs upregulate HIF-1 (Fig. 9F).
Further, the levels of HIF-1 in the ftn-2(et68);fat-2(wa17) strain were very
weak, indicating that HIF-1 is functioning upstream of FTN-2 and that
mutations in ftn-2 acts after HIF-1.

Subsequently we tested the levels of FAT-2 within the suppressor strains by
western blot with an HA-tagged FAT-2. First, we confirmed that the levels
of FAT-2 protein in fat-2(wal17) are significantly diminished, and that the
suppressors can increase this signal, although there was quite a large
variation in signal between experiments (Fig. 9G; unpublished at the time
of writing).

Lastly, the hif-1(et69) mutant was found to have reduced FTN-2 levels, as
evidenced by gPCR, verifying that hif-1 gain-of-function inhibits FTN-2 (Fig.
9H; unpublished at the time of writing). We did not test the levels of FTN-
2 in the egl-9 mutant as it is already well established that EGL-9 loss of
function upregulates HIF-1.

After measuring protein and mRNA levels of the genes of interest, we
performed lipidomics analysis on the suppressors to confirm that each of
the fat-2(wa17) suppressors boost PUFA levels, particularly levels of 20:5,
validating the protein expression patterns seen from the western blots (Fig.
9C). Thus, we revealed that the only way to rescue worms with severely
reduced FAT-2 desaturase activity is to boost desaturase activity and not
through other mechanisms that can bypass the need for PUFAs.
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Figure 9. Summary of Paper lll results. A) Schematic of the forward genetic screen
that identified ftn-2, egl-9, and hif-1 as suppressors of fat-2(wal7). B) fat-2(wal17)
suppressors belong in the HIF-1 pathway. Red names indicate loss- or reduction- of
function mutations, green indicates gain-of-function mutations. C) Lipidomics
shows that fat-2(wal7) suppressors increase levels of 20:5 FAs. fat-2(wal7) is
rescued by D) exogenous PUFAs (LA) and E) treatments that mimic FTN-2 mutations
(ferricammonium citrate). F) HIF-1 protein expression is upregulated in fat-2(wa17)
suppressors and downregulated in fat-2(wal7). G) FAT-2 proteins levels are
upregulated in suppressors. H) Gain-of-function hif-1 reduces FTN-2 mRNA levels
as measured by gPCR. Adapted from (Kaper et al., 2024).
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fat-2(wal7) is partially rescued by treatments that mimic suppressor
mutants

To better understand the mechanisms behind how mutations within the
HIF-1 pathway rescue fat-2(wal7), we attempted to rescue fat-2(wal7)
with treatments that mimic the suppressors. Exogenously providing iron in
the form of ferric ammonium citrate (FAC) led to a slight rescue of fat-
2(wal7) (Fig. 9E), likewise HIF-1-activating paraquat (PQ) slightly rescued
the growth of the mutant worms, but a combination of FAC and PQ did not
yield any further rescue. Hydrogen peroxide, another HIF-1 activator,
yielded a slight rescue, while hypoxia mimetics cobalt chloride and sodium
sulfite did not rescue fat-2(wal7). Short incubation under hypoxia itself,
however, did lead to a mild rescue but longer hypoxia treatments were not
beneficial. These results show that increasing iron levels and activating HIF-
1 are beneficial to the fat-2(wa17) worms that are PUFA-deficient, although
finding the correct dose and delivering it to the right tissues may be difficult.

DISCUSSION

In this paper we isolated ten novel alleles that suppress the slow growth
phenotype of fat-2(wal17) worms that almost entirely lack PUFAs. The
suppressors fall into two categories; (i) internal mutations within fat-2 itself;
or (ii) mutations in genes that belong in the HIF-1 pathway. As there were
no other, unrelated, suppressors identified, we believe that the screen was
at or near saturation. From the screen and identity of the suppressors, we
hypothesize that the only way to rescue worms that are almost wholly
devoid of PUFAs is to boost the small amount of desaturase activity left to
create more PUFAs. Importantly, the suppressors only function as
suppressors of fat-2(wal17) or fat-2 RNAi-treated worms: they are not able
to suppress the lethal fat-2 null mutant. This shows that there must be
some desaturase activity for the suppressors to enhance and that they
cannot create PUFAs via some other means.

Our observations suggest that all the non-intragenic fat-2(wal7)
suppressors converge on FTN-2 inhibition, first through reduction of egl-9
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function that results in constitutively active HIF-1. HIF-1 being permanently
activated (both through the eg/-9 mutations and the hif-1 gain-of-function
allele) leads to the inhibition of FTN-2. FTN-2 is responsible for the stable
storage of mineralized iron by converting reactive Fe?* ions to stable Fe®*
ions, and as such inhibition of ftn-2 should result in increased levels of Fe?*
(Romney et al., 2011). Because Fe* and oxygen are both substrates
required for desaturase reactions (J. Shen et al., 2023), the increase in Fe?*
likely increases and sustains the activity of the defective FAT-2 A12
desaturase.

Interestingly, the biggest change seen in the lipidomic profiles of the
suppressors versus fat-2(wal7) was not in the levels of LA, the fatty acid
that fat-2(wa17) is defective in synthesizing, but in the levels of 20:5, which
is most likely EPA. As EPA is the last fatty acid in the C. elegans fatty acid
synthesis pathway (Watts & Ristow, 2017), it is likely that the additional LA
that is synthesized in the suppressor strains is immediately further
elongated and desaturated instead of accumulating, and as a result
accumulates as EPA. And indeed, in wild-type worms EPA is the most
abundant fatty acid (Henry et al., 2016; Watts & Browse, 2002), so the
increase in EPA levels is likely a big reason the suppressor worms are
healthier than fat-2(wa17). It appears that the increase in EPA levels do not
need to reach the same concentration as in N2 worms, since with as little
as an ~5% mol increase in EPA compared to fat-2(wa17) (Fig. 9C), the fat-
2(wal7);hif-1(et69) worms are clearly healthier. It is worth noting however,
that hif-1(et69) suppresses fat-2(wal7) best when it is heterozygous, but
lipidomics was performed on hif-1(et69) homozygous worms, so it is likely
that in the heterozygous state the levels of EPA in the hif-1 suppressor might
have been further increased. Phospholipids, particularly PCs, with two EPA
chains are abundant in C. elegans, particularly in worms cultivated in colder
temperatures, suggesting that EPA is important to fluidize membranes
(Kosel et al., 2011). However, fat-2(wal7) mutant development did not
benefit from other membrane fluidizing treatments (e.g. NP40 or OA)
indicating in this case that fluidizing membranes is not the most critical
function of PUFAs. EPA is precursor for eicosanoids, and EPA-derived
eicosanoids are important for cell signaling and migration in C. elegans
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(Hoang et al., 2013; Horikawa & Sakamoto, 2010; Kosel et al., 2011), but
interestingly fat-2(wal17) did not benefit from an exogenously supplied
eicosanoid mix, suggesting it is not the lack of eicosanoids that confers the
mutant phenotypes of fat-2(wa17).

Although mammals do not have a FAT-2 homolog and thus require LA to be
obtained dietarily, the findings in this paper can be translated into research
on mammal desaturases and can provide insight into the genetic
mechanisms that can compensate for PUFA-deficiency. For instance, at the
time of writing this thesis, we are investigating the effects of ferritin
mutations on desaturase expression in SCD-silenced human cells
(unpublished). Because humans lack a A12-desaturase, we are using SCD as
the closest alternative as SCD-silenced cells lack MUFAs and as a result have
excessively rigid membranes and do not react well to exogenous SFAs (Ruiz
et al.,, 2021, 2022). Preliminarily, it appears that knocking-down SCD results
in rigid membranes as visualized by Laurdan staining and this rigidity
worsens when cells are treated with PA (as previously published) (Fig. 10A);
additionally knocking down ferritin heavy chain (FTH) reverses some of the
membrane rigidity phenotype (Fig. 10B). Further work will be done to
determine if additional mutations in the HIF-1 pathway, or treatments such
as iron supplementation or hypoxia, can boost desaturase activity in human
cells as it does in C. elegans.

Own contributions to Paper lll:

1. EMS screen for fat-2(wa17) suppressors: Performed the suppressor
screen and isolated ten alleles. Screen was performed with help
from another lab member.

2. Characterization of fat-2(wa17): | cloned and microinjected fat-2(+)
into fat-2(wa17) and performed all the growth experiments of fat-
2(wa17) on different treatments.

3. FRAP experiments: | performed all FRAP experiments to test
whether fat-2(wal7) has rigid membranes, and if fluidizing
treatments and novel suppressors rescue this phenotype.
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4. Lipidomics sample preparation: | prepared all samples for
lipidomics. The actual lipidomics analysis is performed by
collaborators.

5. Confirmation of fat-2(wa17) suppressors identities and function: |
tested if null alleles of hif-1, ftn-2, and egl-9 rescue fat-2(wal7) to
determine if the suppressor alleles are loss-of-function. |
performed fat-2(RNAi) on the ftn-2(et68) strain. | confirmed the
identity of ftn-2(et68) as a suppressor and that hif-1(et69) works
best as a suppressor when heterozygous.

6. Westen blots and gPCR: | performed all western blots and gPCR to
test levels of HIF-1, FAT-2, FTN-2 protein/mRNA levels in suppressor
strains.

7. Stress response assay: | imaged and analyzed fat-2(wal7)’s
mitochondrial stress response and its rescue by ftn-2(et68).

8. Rescuing fat-2(wa17) with suppressor mimics: Apart from hypoxia
and sodium sulfite treatments, | performed all rescue experiment
of fat-2(wal7).

A
Basal 100uM PA 200|M PA 400|M PA
d

SINT siSCD siFTH siSCD+siFTH

Figure 10. Translating Paper Il findings into human cells. A) Laurdan staining of
siSCD cells having rigid membranes, which is worsened with PA treatment. B) Co-
silencing of FTH rescues SCD membrane rigidity defect. In these images, the green-
to-red color range correlates with loosely packed/fluid-to-tightly packed/rigid
membranes.
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CONCLUSIONS AND FUTURE PERSPECTIVES

Throughout this thesis | have detailed the role of PAQR-2 on membrane
fluidity homeostasis and the role of HIF-1 on polyunsaturated fatty acid
synthesis.

With regard to the PAQR-2 pathway, we have shown that C. elegans are
phenotypically best when they have ideal membrane homeostasis. Any
changes to membrane composition, and thus membrane homeostasis,
results in deleterious changes to several traits, both cellular and
physiological. While worms with excessively fluid membranes fare better
than worms with excessively rigid membranes, deviation towards either
side of the membrane homeostasis scale results in less-than-ideal
phenotypes. Additionally, we confirmed that PAQR-2 interacts with several
proteins involved with fatty acid elongation and recruits an ER-bound
complex made up of these proteins as well as with an acyl-coA synthetase
to promote the elongation of unsaturated fatty acids and channel UFA
incorporation into phospholipids to fluidize membranes during rigidity
challenges. PAQR-2 is localized to the plasma membrane (Yamauchi et al.,
2003), yet is able to recruit ER-localized proteins presumably to the plasma
membrane to promote FA synthesis, yet we have never confirmed where
this interaction occurs. It would be interesting to use MAPPER, an ER-PM
junction marker (Y. J. Chen et al., 2019), to visualize if PAQR-2 is interacting
with HPO-8/ACS-4 at this junction point or if the interaction is entirely ER or
plasma membrane based. If PAQR-2/HPO-8/ACS-4 are interacting at these
junctions it would provide proof that UFAs are being shared directly
between the ER and plasma membrane to locally and more quickly
influence FA levels as opposed relying on vesicular trafficking for FA
transport.

The HIF-1 pathway having relevance to this thesis was surprising initially, as
we did not expect mutations within the pathway to be the only mutations
that can compensate for fatty acid deficiency. And in a way, mutations
within the HIF-1 pathway are not really compensating for fatty acid
deficiency by finding other mechanisms for worms to survive without
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PUFAs. Instead, the suppressors are simply allowing the residual fat-
2(wa17) desaturase activity to be more efficient. Indeed, one of the limiting
factors of a fatty acid deficiency reaction is the availability of ferrous ions,
and through our genetic screen we identified that each of the suppressors
converges on inhibition of the ferritin FTN-2. Inhibiting FTN-2 should
increase the availability of ferrous ions and therefore allow the mutated
FAT-2 desaturase to more efficiently function and produce more PUFAs. As
discussed under Paper Ill, | am currently attempting to translate these
findings into mammalian cells, and it will be interesting to see if mutations
in the HIF-1 pathway reliably improve desaturase efficiency in a conserved
manner in other species. Humans with mutations in FADS1 or FADS2, FA
desaturase genes that catalyze the several desaturation steps starting with
conversion of 18:2n6 to 18:3n6, have irregular serum lipid levels and
increased risk for conditions such as inflammation, cardiovascular disease,
diabetes, liver disease and ischemic stroke (Ameur et al., 2012; Malerba et
al., 2008; Voruganti et al., 2012; Q. Yang et al., 2015). As the western diet
shifts more heavily toward m-6 PUFA-rich as opposed to ®-3-rich, it would
be interesting to identify if treatments that mimic mutations in the HIF-1
pathway could help reduce the risk of such health problems caused by FA
deficiencies or imbalances, especially as risk of these diseases grows.

To conclude, the papers in this thesis provided further characterization of
the previously well-studied PAQR-2 membrane fluidity regulation pathway
and introduced a new pathway involved in fatty acid homeostasis in C.
elegans. By studying both PAQR-2 and HIF-1 (more specifically FTN-2 within
the HIF-1 pathway) we gain further insight into the importance of
membrane and lipid homeostasis. Perhaps in the future, further studies can
be performed to more directly translate our findings into mammalian
models to provide a basis for disease treatments.
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