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Abstract
ER stress and lipid droplet-dependent proteostasis in response to lipid stress in yeast and a
novel congenital muscular dystrophy
Enrique J. Garcia
Phospholipids are the major components of cell membranes and have a wide variety of
structures, shapes and properties.

Different ratios of phospholipid species confer different

properties to membranes and contribute to the normal function of organelles. We have previously
shown that acute phosphatidylcholine (PC) biosynthesis inhibition leads to a severe form of lipid
imbalance that disrupts ER morphology and structure. Furthermore, our previous studies also
revealed a mechanism for ER proteostasis under conditions of lipid-imbalance-induced ER stress
in yeast, whereby unfolded ER proteins are removed by lipid droplets (LDs) and targeted to the
vacuole for degradation by microlipophagy.

Here, we find that LDs also contribute to ER

proteostasis during chemically induced ER stress. Furthermore, we find that ER stress results in
an increase in ubiquitinated proteins in LDs as well as recruitment of cytosolic and ER heat shock
proteins, as well as ER proteins to LDs. ER stress-induced microlipophagy does not require core
ATG genes and can occur in the absence of lipid ordered microdomains (Lo) in the vacuolar
membrane. Instead, we find that the ESCRT machinery is up-regulated and localizes to the
vacuolar membrane in response to ER stress induced microlipophagy and that ESCRT I, II and
III complexes are required for microlipophagy in response to each of these stressors.
Similar to yeast, we find that lipid imbalance in skeletal muscle from CHKB CMD, new
autosomal recessive CMD (Congenital Muscular Dystrophy) caused by a mutation of choline
kinase beta (CHKB), results in abnormal SR/ER morphology. CHKB is the first enzyme in the de
novo PC biosynthesis pathway and causes phospholipid imbalance in cell membranes similar to
that observed in yeast. Besides the disruption of SR morphology, we also detect a dysfunction
of the Ryanodine Receptor (RyR), the Ca2+ channels responsible for initiating muscle contraction.
Specifically, we observe abnormal RyR morphology and increased association of RyRs with lipid

droplets (LD) in muscle fibers from a CHKB CMD patient. Finally, we detect ER stress and
pronounced UPR activation in rmd mice, a mouse model of CHKB CMD. Given these results, we
propose that inhibition of PC biosynthesis leads to phospholipid imbalance in the SR, which in
turn, causes RyR leakage and ER stress which lead to mitochondrial dysfunction and dystrophy
in CHKB CMD.
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Endoplasmic Reticulum Structure
The endoplasmic reticulum (ER) is an essential eukaryotic organelle involved in a wide
variety of functions, including protein synthesis and quality control, lipid biosynthesis and Ca2+
homeostasis (Schwarz and Blower, 2016).

It is a single membrane bound organelle first

described at the beginning of the 20th century by Italian scientist Emilio Veratti and later named
by Keith Porter and George Palade after they visualized it by electron microscopy (EM) in the
1950’s (Mazzarello et al., 2003; Schuldiner and Schwappach, 2013). The ER is comprised by
two major components, the nuclear ER (nER), which makes up the nuclear envelope (NE) and
the peripheral ER, or cortical ER (cER) in yeast (Voeltz et al., 2002).

While these two

compartments share a continuous membrane and lumen, they have vastly different functions and
membrane domain compositions (Baumann and Walz, 2001; Estrada de Martin et al., 2005).
The nER is formed by two membranes, the inner nuclear membrane (INM) and the outer
nuclear membrane (ONM) which are connected with each other by nuclear pore complexes
(NPC). NPCs are large multimeric protein complexes that control the transport of molecules, such
as proteins, mRNA and steroid hormones across the nuclear envelope. The nER is continuous
with the peripheral ER, which is formed by a highly interconnected network of sheets and tubules
that specialize in vastly different functions based on their differing structures. ER sheets make
up the majority of the rough ER (RER), ER membranes with a high concentration of ribosomes
that are actively involved in protein synthesis, maturation and posttranslational modifications
(Shibata et al., 2010).
On the other hand, tubular ER has a low density of ribosomes and as a result, it is called
the smooth ER (SER). Differently from the rough ER, the smooth ER is involved in a wide variety
of functions including lipid synthesis, calcium homeostasis, and ER-organelle contact sites
according to type of cell. (Baumann and Walz, 2001). For example, hepatocyte SER contains a
high concentration of cytochrome P450, complexes involved in the detoxification of hydrophobic
toxic compounds in the body (Neve and Ingelman-Sundberg, 2010). In fact, upon exposure to
2

these compounds, hepatocytes massively expand the smooth ER (Higgins and Barrnett, 1972).
On adrenal cells, the smooth ER is primarily involved on the synthesis of mineralocorticoid,
glucocorticoids and sex steroid hormones (Black et al., 2005). Finally, skeletal muscle cells
possess a specialized form of smooth ER called the sarcoplasmic reticulum (SR) that plays a vital
role in calcium signaling that controls the process of excitation-contraction coupling in muscles
(Brown and Naidoo, 2012).

A

B

cER
tubER

nER

Sec63p
Figure 1. Domains of the yeast ER. (A) Representative image
of WT cells tagged with Sec63p-Envy. Image is a single optical
slice through the middle of the cell. cER: cortical ER, tubER:
tubular ER, and nER: nuclear ER. Scale Bar 2 μm (B)
Transmission electron microscopy (TEM) images of WT cells
grown on SC (Synthetic Complete Media).
Endoplasmic Reticulum Function
Even though the ER represents, on average, ~15-20% of a cell’s volume, it contains
approximately ~50-60% of the cell’s membrane (Alberts, 2002). This skewed surface to volume
ratio demonstrates the ER’s requirement of a large surface area in order to accommodate all of
the functions it plays on cellular metabolism.

Protein Synthesis and Import
One of the most important functions of the ER is the synthesis of proteins to be secreted
by the cell; proteins to be distributed through the ER-Golgi secretory pathway; integral membrane
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proteins within the cell, or a small fraction of cytosolic proteins (Reid and Nicchitta, 2015; Schwarz
and Blower, 2016). Within the cytosol, ribosomes recognize fully mature mRNA and initiate
protein translation. Peptides that have a signal sequence in their amino terminus are recognized
by the signal-recognition particle (SRP) which directs the ribosome, the mRNA and nascent
polypeptide to the SRP receptor, a heterodimer integral membrane protein in the RER (Akopian
et al., 2013). In the RER membrane, the SRP receptor directs this complex to the translocon
complex, where protein translation continues while it is simultaneously translocated into the ER
in a process termed “co-translational translocation” (Rapoport, 2007).
The translocon complex, also named Sec61 complex, is a tightly controlled passive
channel that allows the passage of proteins into the ER lumen or the lateral diffusion of
transmembrane protein segments to the ER membrane through a “lateral gate” (Osborne et al.,
2005; Rapoport, 2007).

During co-translational translocation, polypeptide synthesis by the

ribosomes provides the pushing force to move the protein though the Sec61 complex. On the
other hand, during post-translational translocation, the eukaryotic ER lumenal chaperone BiP
(Kar2p in S. cerevisiae) acts as a “molecular ratchet” which only allows the protein to move into
the ER and prevents any reverse movement (Matlack et al., 1999; Rapoport et al., 2017).

Protein Folding and Quality Control
The ER serves as one of the major centers for protein maturation and quality control in
the cell. It has an expansive and conserved mechanism named ER Quality Control System
(ERQC) that helps in the folding, maturation, processing and posttranslational modification of
proteins in the ER. ERQC not only helps in the maturation of proteins, but it also ensures that
only correctly folded proteins are synthetized in the ER by constantly surveilling the ER lumen for
misfolded proteins (Araki and Nagata, 2011). When ERQC encounters misfolded proteins it either
tries to refold them or to permanently remove them from the ER.

4

The maturation process starts as soon as the nascent polypeptide starts exiting the Sec61
translocon complex. As the newly translated polypeptide enters the ER lumen, it encounters ER
chaperones and ER folding enzymes that help with the maturation process. The major chaperone
of the ER is an Hsp70 family chaperone, BiP in metazoans and Kar2p in yeast. Besides facilitating
posttranslational translocation, BiP/Kar2p binds unfolded portions of newly translocated
polypeptides in order to prevent the misfolding or aggregation of proteins while they are folding
correctly (Hendershot, 2004). In order to perform its function correctly, BiP/Kar2 is helped by a
series of cochaperones from the DnaJ/Hsp40 chaperone family, that help BiP/Kar2 regulate its
binding ability to unfolded proteins (Qiu et al., 2006).
Another major step that helps in the maturation and correct folding of some proteins in the
ER is the addition of posttranslational modifications (PTMs). One of these PTMs involves protein
glycosylation.

As

the

proteins

are

being

cotranslationally

translocated,

the

oligosaccharyltransferase (OST) complex recognizes a specific amino acid sequence called the
sequon, and adds the preformed oligosaccharide, Glc3Man9GlcNAc2, to an asparagine residue
(Aebi, 2013).

After this step, a series of glucosidases start the process of trimming this

oligosaccharide, thereby generating an N-terminal linked glycan that is recognized by Calnexin
(CNX) and Calreticulin (CRT) (Cherepanova et al., 2016). CNX and CRT are lectin ER
chaperones that recognize a transient carbohydrate modification in newly processed proteins.
They bind this N-linked oligosaccharide and sequester the protein in order to prevent their
aggregation or export out of the ER before they have had a chance to correctly fold (Williams,
2006). After further processing releases CNX/CRT from the proteins, UDP-glucose/glycoprotein
glycosyl transferase (UGGT) binds the glycoprotein in order to make sure it has correctly folded
(D'Alessio et al., 2010). If the protein has not folded correctly, UGGT adds more oligosaccharides
to the glycoprotein so it can re-enter the folding cycle again. However, if the protein has correctly
folded, it released for its export out of the ER.
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Sec63p-Envy

Kar2p-sfGFP

Pdi1p-sfGFP

Figure 2. Components of the ER translocon and folding machinery. Representative
images of yeast cells tagged with Sec63p-Envy, Kar2p-sfGFP or Pdi1p-sfGFP grown on
SC. Sec63p is localized to the ER membrane while Kar2p and Pdi1p are localized to the
ER lumen. Scale Bar 2 μm.

The second form of PTMs that helps in the maturation of proteins in the ER is the correct
formation of disulfide bridges. These disulfide bridges are not only essential for the stability and
maturation of proteins, but they also play a vital role in protein function (Oka and Bulleid, 2013).
The main factor in disulfide bridge formation is the redox environment of the ER. The ER has the
highest oxidative compartment in cells that promotes the oxidation of sulfhydryl (-SH) groups of
cysteines residues into disulfide bonds. This oxidative environment is maintained by the action
of Ero1, Ero1α/β in metazoans and Ero1p in yeast, and members of the protein disulfide
isomerase (PDI) family (Okumura et al., 2015; Pollard et al., 1998).

Ero1 proteins are

flavoproteins that act as master regulators of the ER oxidative environment by functioning as the
main oxidases of PDI. They transfer their reducing equivalents to PDI, which in turn, is able to
pass them to newly synthetized cysteines residues (Appenzeller-Herzog et al., 2010).
Even though the redox state of the ER is enough to ensure disulfide bridge formation, the
cell still has several folding factors that aid in the formation of disulfide bridges between the correct
cysteine residues within a protein. The main folding chaperones within the ER are all members
of PDI family (Okumura et al., 2015). The main member of the family, PDI, not only is involved in
6

maintaining the oxidative environment within the ER, but it also acts as the main folding chaperone
(Ali Khan and Mutus, 2014). PDI is able to sense aberrant non-native disulfide bridges and is
able to catalyze their isomerization until the correct native conformation has occurred (Laboissiere
et al., 1995).

Unfolded Protein Response (UPR)
When the cell encounters proteins in the ER that are unfolded, it activates a
comprehensive cellular program, called the UPR, in order to try to promote the correct refolding
of these proteins. First, ER luminal chaperones recognize unfolded proteins and activate 3
different transmembrane receptors that represent the three branches of the UPR. The first
branch, inositol requiring enzyme 1 (IRE1), is the only branch conserved in yeast.

Upon

encountering unfolded proteins in the ER lumen, IRE1 dimerizes and auto-phosphorylates itself.
Autophosphorylation of IRE1 activates its RNase domain in the cytosol and promotes the removal
of an intron from x-box binding protein 1 (XBP1) mRNA to produce an active transcription factor
that promotes the upregulation of chaperones, ERAD components and enzymes involved in lipid
biosynthesis (Walter and Ron, 2011; Wu et al., 2014)
The second branch of the UPR is composed of activating transcription factor 6 (ATF6).
ATF6 is an ER transmembrane protein that is usually retained in the ER. However, when it
encounters unfolded proteins, ATF6 is transported to the Golgi where it is processed by a pair of
proteases that release the cytosolic ATF6 domain. This cytosolic domain acts as a transcription
factor that upregulates the expression of UPR target genes, including BiP (Walter and Ron, 2011).
Finally, the third branch of the UPR is composed of double-stranded RNA-activated protein
kinase-like ER kinase (PERK) receptor and, similarly to IRE1, it dimerizes and autophosphorylates itself upon encountering unfolded proteins in the ER. After activation, PERK
phosphorylates elongation initiation factor 2α (eIF2α) thereby inhibiting protein translation and
reducing ER protein load (Walter and Ron, 2011).
7

ER Associated degradation Pathway (ERAD)
However, if the cell cannot correctly fold proteins and they become terminally misfolded,
they are permanently removed by ERAD from the ER. ERAD occurs in three steps. First,
misfolded proteins are recognized and targeted by a group of molecular chaperones (Ruggiano
et al., 2014). After identification of misfolded proteins, they are retro-translocated out of the ER.
Even though ERAD has been very well established, very little is known about the specific
mechanism or identity of the channel through which misfolded proteins exit the ER (Ruggiano et
al., 2014). After or during retro-translocation, misfolded proteins are ubiquitinated by one of three
different complexes, ERAD-L, ERAD-C or ERAD-M, depending on where is the protein located
and which domains are misfolded.

ERAD-L and ERAD-M use the Hrd1 complex to

polyubiquitinate misfolded luminal and transmembrane proteins respectively (Ruggiano et al.,
2014). On the other hand, transmembrane proteins where the misfolded domain resides in the
cytoplasm are processed by ERAD-C and uses Doa10 complex for ubiquitination. Regardless of
the complex that handles the misfolded proteins, all of them are ubiquitinated by E3-ubiquitin
ligases. After ubiquitination, the proteins are recognized by the Cdc48/p97 ATPase complex
which provides the final energy to completely remove the proteins from the ER lumen or ER
membrane (Ruggiano et al., 2014). Finally, in the cytoplasm, polyubiquitinated proteins are
degraded by the proteasome.

Calcium Homeostasis and Calcium Contraction Coupling
Calcium (Ca2+) is essential for normal cellular metabolism. It serves as an important
second messenger molecule for signaling pathways and regulates mitochondrial function and
apoptosis in cells (Gorlach et al., 2006). Given that the ER is one of the largest compartments
for Ca2+ storage in metazoans, it plays an essential role in regulating Ca2+ homeostasis
(Chernorudskiy and Zito, 2017). In line with this function, the ER possesses multiple calcium
8

channels and one pump that tightly control calcium influx and release (Gorlach et al., 2006).
Calcium enters the ER through sarcoplasmic reticulum Ca2+ ATPases (SERCA), a P-type ATPase
pump that uses the energy from the hydrolysis of ATP to pump calcium against its electrochemical
gradient into the ER (Gorlach et al., 2006). While the ER only has one class of calcium pumps, it
possesses 2 major classes of calcium channels, inositol-1,4,5-triphosphate receptors (IP3R) and
Ryanodine Receptors (RyR) (Marks, 1997). IP3Rs are ligand gated ion channels that release
calcium from the ER after binding to inositol-1,4,5-triphosphate (IP3). Normally, activation of
plasma membrane receptors by a variety of inputs activates phospholipase C which cleaves PI4,5-biphosphate, thereby releasing IP3 as a secondary messenger (Gorlach et al., 2006).
The second family of calcium release channels are the RyRs. RyRs are large multimeric
protein complexes whose main core is formed by a homotetramer of RyR molecules (Santulli et
al., 2017). There are 3 different RyR isoforms in mammalian tissues; RyR1 predominantly found
in skeletal muscle, RyR2 in cardiac muscle and RyR3 in the brain. RyR1 and RyR2 are involved in
excitation contraction coupling (ECC) during skeletal and cardiac muscle contraction respectively.
During skeletal muscle contraction, depolarization of the sarcolemma at the T tubules leads to
the activation of dihydropyridine receptors (DHPR), L-type voltage gated calcium channels
located at the triad junctions (Santulli et al., 2017). After activation, DHPR channels open and
physically interact with RyRs to induce their opening. In cardiac muscle, DHPR channels do not
physically interact with RyR, but instead, their calcium transients activate RyRs in positive
feedback loop mechanism termed calcium induced calcium release (CICR) (Fabiato, 1983). This
process is essential not only for the normal functioning of cardiac muscle but also for smooth
muscle, beta cells and some neurons (Albrecht et al., 2001; Islam et al., 1992; Sandler and
Barbara, 1999).
The high levels of Ca2+ in the ER also play an essential role in facilitating normal
proteostasis. In fact, a large number of ER chaperones such as calreticulin (CRT), CNX, BiP,
calumenin and GRP94 can bind calcium and this interaction is important for their function (Coe
9

and Michalak, 2009). Even small changes in calcium concentration inside the ER can activate
the UPR (Krebs et al., 2015). Likewise, abnormally high cytosolic calcium levels can also trigger
ER stress, UPR activation, as well as induce mitochondrial dysfunction and increased ROS
production (Pauly et al., 2017). In fact, dysfunctional ER calcium metabolism has been implicated
in a wide variety of diseases including cardiac disease, muscular dystrophies, neuropathies and
neurodegeneration diseases (Krebs et al., 2015). For example, mutations in RyRs found in some
muscular dystrophies, such as Multi-minicore disease (MmD) and Central Core Disease (CCD),
results in calcium leakage from the SR which further causes mitochondrial calcium overload and
increased ROS production (Quane et al., 1993; Santulli et al., 2017; Wu et al., 2006).

Lipid Droplets
Lipid droplets (LDs) are cytoplasmic structures that are present from bacteria to
metazoans (Kohlwein et al., 2013; Murphy, 2001; Murphy and Vance, 1999; Tzen et al., 1993;
Waltermann and Steinbuchel, 2005; Yang et al., 2012) and are produced at the endoplasmic
reticulum (ER) in eukaryotes (Jacquier et al., 2011; Ohsaki et al., 2008). The boundary membrane
of LDs is a single phospholipid monolayer, which contains conserved integral and peripheral
membrane proteins and envelops a hydrophobic core composed primarily of triacylglycerol (TAG)
and sterol esters (SE) (Tauchi-Sato et al., 2002). LDs have well-established functions in lipid
storage and mobilization for energy homeostasis and membrane biogenesis (Walther and Farese,
2012). They also store hydrophobic vitamins and lipid signaling molecules, and sequester toxic
lipids. Finally, emerging evidence reveals a role for LDs in protein storage, assembly, and quality
control (Walther and Farese, 2012; Welte and Gould, 2017).
To use lipids and other compounds stored in LDs, cells have developed mechanisms to
transfer LD contents to other compartments. Lipolysis is the best-characterized pathway for
release of lipids from LDs. In response to depletion of extracellular free fatty acids (FFA) or the
need for mobilization of energy stores, protein kinases including cAMP-dependent protein kinase
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(PKA) and 5-AMP activated protein kinase (AMPK) are activated by hormonal cues (Lass et al.,
2011). This results in the phosphorylation of cytosolic neutral lipid lipases (adipose triglyceride
lipase, ATGL and hormone sensitive lipase, HSL), and of perilipins (PLIN), a conserved family of
proteins that serve as scaffolds and regulators on the LD surface (Zechner et al., 2017). ATGL
and HSL are then recruited to PLIN proteins on LDs where they catalyze the breakdown of neutral
lipids within LDs to generate FFAs that are released from LDs (Sztalryd and Brasaemle, 2017).
Other studies indicate that the ubiquitin-proteasome system (UPS) remodels LDs and
regulates LD activity. Specifically, when lipid availability is limiting and LD abundance is low, LD
proteins including PLIN1 and PLIN2, ATGL and its inhibitor GOS2, and the LD fusion protein
FSP27/CIDEC are degraded by the UPS (Ghosh et al., 2016; Nian et al., 2010; Olzmann et al.,
2013; Takahashi et al., 2016; Xu et al., 2006; Xu et al., 2005; Zhang et al., 2014). Conversely,
induction of LD biogenesis (e.g. by growth of cells with oleate) results in stabilization of these
proteins. While the UPS can control LD protein composition and regulate TAG lipolysis in LD, the
mechanisms that target LD proteins for UPS-mediated degradation are not well understood.

Lipophagy: Lipid Droplet Autophagy
While the autophagy of various organelles was described as early as the 1960s, it was
only recently that autophagy was implicated in the degradation of LDs (Singh et al., 2009). There
are three main types of autophagy: macroautophagy, microautophagy, and chaperone-mediated
autophagy (CMA). As described below, all three forms of autophagy function in LD degradation.

Macrolipophagy
Macroautophagy is defined by the formation of an autophagosome, a double-membrane
structure that surrounds and sequesters cytosolic components, and mediates fusion of the
enveloped cargo with the lysosome (or vacuole in yeast) for degradation (Figure 3) (Feng et al.,
2014). LD macrolipophagy was first described in mouse hepatocytes under conditions of
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starvation and lipid exposure (Singh et al., 2009). These studies revealed that exposure of
hepatocytes to serum starvation results in co-localization of autophagosome and lysosome
marker proteins with LDs and conversion of LC3-I to LC3-II, a vital step for initiating and
lengthening autophagosomal membranes, at LDs. These studies also revealed that inhibition of
macroautophagy, pharmacologically or by silencing of the autophagy machinery (ATG genes),
leads to the accumulation of TAGs and LDs in serum-starved hepatocytes (Singh et al., 2009).
These studies provided the first evidence that nutrient limitation triggers LD degradation by
macroautophagy.
RAB7 and RAB10, members of the Rab GTPase family, have emerged as mediators of
macrolipophagy in hepatocytes. RAB7 was originally identified as a regulator of late endosomes
and autophagosome maturation (Feng et al., 1995; Gutierrez et al., 2004; Press et al., 1998).
RAB10 has multiple roles in vesicular and membrane trafficking in adipocytes, epithelial cells and
developing axons (Sano et al., 2008; Schuck et al., 2007; Wang et al., 2011). Recent studies
indicate that RAB7 and RAB10 accumulate on LDs in response to nutrient limitations and that
activation of RAB7 and RAB10 is required to recruit autophagosome and lysosomal marker
proteins to LDs. Conversely, depletion of either protein leads to LD accumulation in hepatocytes
during starvation conditions (Li et al., 2016; Schroeder et al., 2015). Overall, these findings
support the model that RAB7 and RAB10 play a role in the priming or licensing of LDs for
macrolipophagy.
Recent findings also support a role for PLIN1 and PLIN2 in regulating LD
macroautophagy. Stimulation of b-adrenergic receptors in 3T3-L1 cells activates PKA, and
promotes recruitment of RAB7 to LDs and lipophagy. Knock-down of PLIN1 inhibits association
of RAB7 and lysosomal marker proteins with LDs in activated 3T3-L1 cells (Lizaso et al., 2013).
Similarly, PLIN2 deficiency reduces LD levels and enhances autophagic lipolysis in mouse liver
and cultured hepatoma cells (Tsai et al., 2017). In contrast, overexpression of PLIN2 protects
hepatic lipid droplets from autophagic lipolysis. Thus, PLIN1 and PLIN2 may function as physical
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barriers that prevent recruitment of the macroautophagy machinery to LDs. Since PLIN1 and
PLIN2 are targets for UPS degradation, it is possible that the UPS regulates LD function through
effects on macrolipophagy. For a more extensive recent review of macrolipophagy see Schulze
et al. (Schulze et al., 2017).

Figure 3. A schematic illustrating different forms of lipid droplet
(LD) autophagy.

CMA and Lipophagy
CMA is a specialized form of autophagy that targets cytosolic proteins bearing the KFERQ
degradation pentapeptide signal for lysosomal degradation (Kaushik and Cuervo, 2012). Although
CMA exclusively targets proteins and not lipids, several findings support a role for CMA in LD
homeostasis. CMA is triggered by starvation, and mice with defects in liver CMA develop marked
hepatosteatosis (Kaushik and Cuervo, 2015; Schneider et al., 2014). Moreover, PLIN2 and PLIN3
contain the KFERQ degradation pentapeptide and are CMA substrates (Kaushik and Cuervo,
2015). CMA-dependent degradation of PLIN2 and PLIN3 at the LD surface promotes the
recruitment of a neutral lipid lipase (ATGL) and macroautophagy machinery components to the
LD. Conversely, impairment of CMA or mutations in the pentapeptide signal of PLIN2 or PLIN3
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prevents association of ATG core proteins with LDs and promote LD accumulation (Kaushik and
Cuervo, 2015). Overall, these findings indicate that CMA-mediated degradation of PLIN2 and
PLIN3 promotes lipolysis and macrolipophagy by promoting the recruitment of lipases and
macrolipophagy machinery components to LDs.

Microlipophagy
In yeast, LDs are also degraded by microautophagy. In microlipophagy, LDs are not
enveloped by autophagosomes, but are delivered directly to the vacuole (the yeast lysosome).
Microlipophagy has been detected in yeast in response to nitrogen starvation, acute glucose
depletion, survival during stationary phase, and lipid imbalance produced by inhibition of
phosphatidylcholine (PC) biosynthesis. Under these conditions, LDs are taken up into the vacuole
at sites of vacuolar membrane invagination (Fig. 1) (Seo et al., 2017; van Zutphen et al., 2014;
Vevea et al., 2015; Wang et al., 2014). However, different environmental conditions stimulate
different mechanisms for microlipophagy.

LD-vacuolar contact sites during microlipophagy
In nitrogen starvation- and stationary phase-induced microlipophagy, LDs bind to specific
sterol-rich, raft-like liquid ordered (Lo) vacuolar microdomains (van Zutphen et al., 2014; Wang et
al., 2014). Recent studies support a role for two essential Niemann-Pick type C (NPC) sterol
transporter proteins, Ncr1p and Npc2p, in Lo microdomain formation under both conditions (Tsuji
et al., 2017). These proteins are internalized into the vacuolar lumen, where they transfer sterols
to the vacuolar membrane. If these proteins are absent or fail to localize to the vacuolar lumen,
the formation and expansion of Lo microdomains needed for microlipophagy is severely affected.
Interestingly, the source for sterols in Lo microdomains differs in yeast in stationary phase
and undergoing nitrogen starvation. Sterol-rich intraluminal vesicles (ILVs) are the main source
of Lo microdomain sterols in nitrogen starved yeast (Tsuji et al., 2017). These ILVs are transported
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to the vacuole by multivesicular bodies (MVBs), membrane bound structures that are generated
from late endosomes, contain internal membranes and deliver proteins and lipids to the vacuole
(Piper and Katzmann, 2007).
In contrast, sterol esters in LDs are the sterol source in stationary phase yeast cells (Wang
et al., 2014). Interestingly, there are reciprocal interactions between microlipophagy and these
sterol-rich microdomains. Vacuolar microdomains are required for microlipophagy (Wang et al.,
2014). Conversely, microlipophagy is essential to maintain the Lo microdomains in stationaryphase yeast cells, potentially because LDs that are taken up into the vacuole by microlipophagy
are a major source for sterol esters for vacuolar Lo microdomains (Chen et al., 2007).
Finally, core ATG genes, genes that encode proteins that mediate autophagosome
formation, are required for microlipophagy in both stationary phase and nitrogen starved yeast
(Tsuji et al., 2017; van Zutphen et al., 2014; Wang et al., 2014). However, the mechanism of ATG
gene function varies under these two conditions. ATG genes are required for correct localization
of NPC proteins in stationary phase cells. Specifically, deletion of ATG1, 2, 3, 5, 7, 8, or 18 results
in accumulation of Ncr1p and Ncp2p as punctate, presumably aggregated structures in the cytosol
(Tsuji et al., 2017). Surprisingly, under conditions of nitrogen starvation, localization of Ncr1p,
Ncp2p, and ILVs to the vacuole are not affected in ATG mutants. Rather, ATG genes are required
for autophagosome-mediated delivery of sphingolipids, another vital component of the raft-like
vacuolar microdomains, to the vacuole (Hechtberger et al., 1994; Lingwood and Simons, 2010).
Currently, it is not clear whether Ncr1p, Ncp2p, or ILV-dependent sterols are required for
microlipophagy under conditions of acute glucose depletion. However, Atg14p, an autophagyspecific subunit of phosphatidylinositol 3-kinase complex I, localizes to Lo microdomains during
microlipophagy in glucose-depleted yeast cells (Seo et al., 2017). Moreover, ATG14 is required
for Lo formation and microlipophagy, and localization of Atg14p to Lo sites is dependent upon the
AMPK pathway for energy sensing during acute glucose depletion. The defect in microlipophagy
observed in glucose-depleted atg14∆ cells do not appear to be due to defects in macroautophagy:
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ATG14 is required for macroautophagy in fed yeast cells but not in yeast undergoing acute
glucose depletion (Seo et al., 2017). This finding suggests an unexpected plasticity in autophagy
in response to different cellular cues and a novel function of Atg14p in microlipophagy.

ATG core gene -independent forms of macrolipophagy
Microlipophagy that is not dependent upon core ATG genes has been observed in yeast
under two conditions: lipid imbalance produced by defects in PC biosynthesis (Vevea et al., 2013),
and transition through the diauxic shift, the shift from glycolysis- to respiration-driven growth when
glucose becomes limiting (Oku et al., 2017). Since core ATG genes are required for transport of
constituents of Lo microdomains to the vacuole (Tsuji et al., 2017), it is possible that LD uptake
into vacuoles occurs by a different mechanism in ATG-independent forms of microautophagy.
Alternatively, Lo microdomains may function in all forms of microlipophagy; however, generation
of those subdomains may occur by different mechanisms.

Interestingly, in both cases, microautophagy is dependent upon the endosome sorting
complexes required for transport (ESCRT) machinery, conserved membrane complexes that
mediate invagination of late endosomal membranes to produce MVBs (Schmidt and Teis, 2012).
Since MVBs transport hydrolases and other macromolecules to the vacuole, ESCRT affects
micro- and macrolipophagy through effects on vacuolar biogenesis. However, emerging evidence
supports a direct role for the ESCRT in vacuolar membrane remodeling in ATG gene-independent
microlipophagy.
Lipid imbalance-induced microlipophagy requires Vps4p, which mediates ESCRT III
disassembly, and Esm1p/Atg39p, a newly identified class V ESCRT protein that has also been
implicated in nucleophagy (Mochida et al., 2015; Vevea et al., 2015). Microautophagy of cargos
including LDs in post-diauxic yeast requires multiple ESCRT components, including Vps27p, a
clathrin- and ubiquitin-binding protein and component of the ESCRT-0 complex normally
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responsible for initiating the MVB pathway (Schmidt and Teis, 2012). Indeed, passage through
the diauxic shift results in relocalization of Vps27p from endosomes to punctate structures on the
vacuolar membrane. The clathrin-binding domain of Vps27p is not required for its relocalization
to the vacuole after the diauxic shift. However, it is required for efficient microlipophagy under
these conditions. Other studies confirm that ESCRT can function directly on the vacuolar
membrane to sort and direct polyubiquitinated protein cargo into the vacuolar lumen for
degradation (Zhu et al., 2017). These findings raise the possibility that ESCRT mediates
invagination in the vacuolar membrane for LD uptake during microlipophagy in yeast after the
diauxic shift, and potentially also in yeast exposed to lipid stress.

Functions of LIpophagy
Energy mobilization
A role for lipophagy in release of free fatty acids (FFAs) from LDs for energy mobilization
in response to starvation was first identified in mouse hepatocytes (Singh et al., 2009). Other
studies revealed a role for lipophagy in starvation-induced FFA release in the proximal tubule of
the kidney (Minami et al., 2017), hypothalamic and primary striatal neurons, glial cells,
lymphocytes, macrophages, cultured adipocytes, gastrointestinal epithelial cells, and prostate
cancer cells (Martinez-Lopez and Singh, 2015). Lipophagy in response to nutrient limitation is
also observed in the yeast Saccharomyces cerevisiae, the nematode Caenorhabditis elegans,
and the fungus Fusarium graminearum (Martinez-Lopez and Singh, 2015). Finally, lipophagy can
be activated in brown adipose tissue by cold shock, where it promotes the release of FFAs from
brown fat to supply peripheral tissues with energy and promote their survival during cold stress
(Martinez-Lopez et al., 2016). Thus, lipophagy is an established mechanism to supply energy to
cells under various metabolic demands.
As described above, starvation-induced LD degradation occurs by macroautophagy in
mouse liver (Singh et al., 2009). In contrast, yeast subjected to nitrogen starvation or acute
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glucose limitation degrade LDs by microlipophagy (Seo et al., 2017; van Zutphen et al., 2014).
Since deletion of cytosolic neutral lipid lipases does not have severe effects on survival of yeast
in stationary phase, microlipophagy may also be a major pathway for TAG metabolism during that
stage of the yeast life cycle (Athenstaedt and Daum, 2005; Koffel et al., 2005; Kohlwein, 2010).
Yet to be determined is why different cell types use different mechanisms for microlipophagy.
Although lipolysis can be used to release FFAs from LDs, lipophagy may be activated
during starvation in some cell types because it allows for rapid release of FFAs. Moreover, use
of lipophagy as opposed to lipolysis for energy mobilization from LDs varies among tissues.
Lipolysis is the primary mechanism for FFA release from LDs in white adipose tissue, which
expresses high levels of HSL and ATGL (Langin et al., 2005; Lass et al., 2011; Nielsen et al.,
2014; Schweiger et al., 2006; Zimmermann et al., 2004). In contrast, lipophagy appears to be
the major mechanism for FFA mobilization in liver, which expresses low levels of HSL and ATGL
(Zechner et al., 2017). Elevated FFA results in lipotoxicity, elevated reactive oxygen species
production, uncoupling of mitochondria, apoptosis, and insulin resistance (Bobulescu, 2010;
Brookheart et al., 2009; Goldberg et al., 2012; Yao et al., 2011). Therefore, use of the relatively
slower process of lipolysis for FFA release in white adipose tissue may protect against release of
excessive levels of FFA from the large stores of TAGs in those cells.

Lipid homeostasis
The function of lipophagy in lipid regulation extends beyond TAG storage and FFA
release. Lipophagy is a mechanism to protect cells from excess intracellular lipids and
lipotoxicity. Up-regulation of macrolipophagy was first detected in hepatocytes exposed to high
levels of oleic acid (Singh et al., 2009). Subsequent studies showed that lipid overload can
increase autophagy in cells including neurons, beta cells, myocytes and epithelial cells (Jiang et
al., 2017; Komiya et al., 2010; Nowicki et al., 2010; Pauloin et al., 2010; Tang et al.,
2011). Conversely, blocking autophagy in cultured myocytes leads to elevated TG levels and cell
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death as a result of lipid overload (Lam et al., 2016). Thus, lipophagy protects cells from
lipotoxicity by removal of excess intracellular lipids.
Lipophagy also protects yeast from lipid stress produced by inhibition of PC biosynthesis
(Vevea et al., 2015). The immediate response to inhibition of PC biosynthesis is altered levels of
phospholipids, decreased growth rates, and defects in the morphology and distribution of
mitochondria and ER, the two organelles where PC biosynthesis occurs. Surprisingly, yeast
adapt to this lipid stress: their growth rates, ER and mitochondrial morphology and distribution,
and levels of many phospholipids are restored (Vevea et al., 2015). We found that TAG and sterol
ester levels as well as LD biogenesis and degradation by microlipophagy are increased in cells
that have adapted to this lipid stress. Moreover, we find that mutations that block TAG and LD
biosynthesis and microlipophagy severely inhibit adaptation. These studies support the model
that excess lipids are stored in LDs in the form of TAG and degradation of those lipids by
microlipophagy protects yeast cells from lipid imbalance.
Finally, lipophagy has also been implicated in protecting cells from excess cholesterol.
Reverse cholesterol transport, transport of free cholesterol from macrophage foam cells in
atherosclerotic plaques to the liver where it is excreted in bile, is one mechanism to reduce
cholesterol levels (Ono, 2012). Recent studies indicate that lysosomes contribute to lipid
breakdown in lipid-loaded macrophage foam cells (Ouimet et al., 2011). These studies also
revealed co-localization of autophagosome and lysosome marker proteins with LDs, conversion
of LC3-I to LC3-II in subcellular fractions enriched in LDs, and a role for lysosomal acid lipases in
release of free cholesterol from cholesterol esters in LDs. Thus, LD breakdown in lipid-loaded
macrophage foam cells occurs by macroautophagy. Finally, these studies showed that lipophagy
is required for release of free cholesterol from cholesterol esters in LDs and reverse cholesterol
transport from lipid-loaded macrophage foam cells in culture and in whole animals (Ouimet et al.,
2011). Thus, lipophagy may contribute to clearance of excess cholesterol from peripheral tissues
and be a target for treatment of atherosclerosis (Liao et al., 2012).
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Protein quality control
LDs have also emerged as cellular “protein sinks.” LDs sequester histones H2A and H2B
during oogenesis in Drosophila (Cermelli et al., 2006). Defects in this process results in toxic
accumulation of histones, which leads to mitotic error and apoptosis (Li et al., 2014; Li et al.,
2012). LDs also sequester misfolded cytosolic proteins and prevent them from forming toxic
aggregates under several pathological states and conditions (Cole et al., 2002; Ohsaki et al.,
2006). Finally, LDs have been implicated in the assembly of hepatitis C virus (HCV) and in liver
steatosis caused by HCV infection. Specifically, two HCV core proteins localize to LDs where they
contribute to transfer of lipids from LDs to the developing virion during virus assembly (Barba et
al., 1997; McLauchlan et al., 2002; Shi et al., 2002).
Our group has recently identified a novel role for LD and lipophagy in ER proteostasis
under conditions of lipid imbalance. Lipid imbalance produced by defects in PC biosynthesis
results in accumulation of unfolded proteins in the ER (ER stress) and activation of the unfolded
protein response (UPR) (Vevea et al., 2015), a signal transduction pathway that down-regulates
protein synthesis and up-regulates proteostasis mechanisms in response to ER stress (Thibault
et al., 2012). One pathway that is activated by the UPR is ER-associated protein degradation
(ERAD), a pathway for retrotranslocation of unfolded ER proteins to the surface of the organelle,
where they are ubiquitinated and targeted for degradation by the proteasome (Brodsky, 2012; Wu
et al., 2014).
LD biogenesis and microautophagy have emerged as an ERAD-independent mechanism
for ER proteostasis in yeast undergoing acute lipid imbalance. Specifically, polyubiquitinated
proteins and Kar2p, the yeast homologue of the ER chaperone BiP, are enriched in LDs isolated
from yeast undergoing lipid stress (Vevea et al., 2015). Furthermore, these LDs are targeted to
the vacuole for degradation by microautophagy. As described above, lipid stress induced
microlipophagy does not require the core autophagy gene ATG7, but does require ESCRT
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components. Finally, microlipophagy is essential for yeast cell survival during lipid stress (Vevea
et al., 2015).
These findings support a novel mechanism for ER proteostasis in response to lipid stress
whereby LDs remove unfolded proteins from the ER and target them for degradation by lipophagy.
They also provide support for the model that LDs function as “escape hatches” in ER quality
control (Ploegh, 2007). Interestingly, LDs may also remove damaged proteins from mitochondria
(Bischof et al., 2017). Under conditions of stress, specific damaged mitochondrial outer
membrane proteins associate with LDs, which in turn are degraded by lipophagy. Therefore, LDs
may serve as a vehicle for segregation and degradation of damaged proteins from different
compartments.
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Chapter II
Role for ESCRT-dependent microlipophagy in ER proteostasis during lipid imbalance
and ER stress
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Abstract
Our previous studies revealed a mechanism for ER proteostasis under conditions of lipidimbalance-induced ER stress in yeast, whereby unfolded ER proteins are removed from the
organelle by lipid droplets (LDs). The LDs and their associated ER protein are then degraded in
the vacuole by microlipophagy, cargos uptake at sites of vacuolar membrane invagination. Here,
we find that LDs also contribute to ER proteostasis during tunicamycin (TM)- and dithithreitol
(DTT)-induced ER stress. Proteomic analysis revealed that lipid stress and TM- or DTT-induced
ER stress result in an increase in ubiquitinated proteins in LDs as well as recruitment of cytosolic
and ER heat shock proteins, proteins that mediate oxidative folding in ER, as well as ER proteins
to LDs. ER stress-induced microlipophagy does not require core ATG genes and can occur in
the absence of lipid ordered microdomains (Lo) in the vacuolar membrane. Instead, we find that
the ESCRT machinery is up-regulated and localizes to the vacuolar membrane in response to
lipid imbalance and chemically induced ER stress induced microlipophagy and that ESCRT I, II
and III complexes are required for microlipophagy in response to each of these stressors.
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Introduction
Lipid droplets (LDs), organelles that form at and bud from ER membranes, consist of a
phospholipid monolayer surrounding a core of neutral lipid. LDs have well-established functions
as sites for lipid storage and energy mobilization. However, it is now clear that LDs have additional
functions including storage of hydrophobic vitamins, signaling precursors and proteins, as well as
protein quality control (Welte and Gould, 2017). LDs affect proteostasis by several mechanisms.
They are a source of sterol-based metabolites that function as protein chaperones and promote
clearance of inclusion bodies in yeast (Moldavski et al., 2015). LDs can also be sites to sequester
proteins that are misfolded and/or destined for degradation. For example, aggregates of proteins
including the Alzheimer’s and Parkinson’s Disease associated proteins amyloid β-peptide and αsynuclein localize to LDs in neurons in cell culture and from AD or PD patients (Cole et al., 2002;
Gomez-Ramos and Asuncion Moran, 2007). Similarly, apolipoprotein B (ApoB) is enriched in LDs
in human hepatoma cells and degraded by the proteasome or vacuole (Ohsaki et al., 2006).
Previous studies from our lab revealed a novel mechanism for LDs in ER proteostasis in
the budding yeast, Saccharomyces cerevisiae, that occurs in response to lipid stress (Vevea et
al., 2015). Phosphatidylcholine (PC) and phosphatidylethanolamine (PE) are the most abundant
phospholipids in biological membranes and can be produced at sites of close contact between
ER and mitochondria. Inhibition of PC biosynthesis leads to an imbalance in PC to PE ratios and
activation of the unfolded protein response (UPR) (Thibault et al., 2012; Vevea et al., 2015), a
conserved signaling pathway that responds to accumulation of unfolded proteins in the ER (ER
stress) and acts to promote ER protein folding, reduce the protein folding load within the ER and
remove unfolded ER proteins (Walter and Ron, 2011). Our studies support the model that
unfolded proteins that accumulate in the ER in response to lipid stress are sequestrated in and
removed from the ER in LDs (Vevea et al., 2015).
Our studies also revealed that LDs and their associated unfolded ER proteins are
eliminated from cells in a specialized from of autophagy, microautophagy, in yeast undergoing
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lipid stress. During macroautophagy, cargoes are sequestered in double membrane bound
structures, autophagosomes, and delivered to the lumen of lysosomes (or vacuoles in yeast) by
fusion of autophagosomes with lysosomes/vacuoles (Reggiori and Klionsky, 2013). In contrast,
during microautophagy, cytosolic constituents are taken up into vacuoles/ lysosomes at sites of
membrane invagination of those organelles or by arm-like protrusions that extend from
lysosomes/vacuoles

and

sequester

cargos

into

intralysosomal

vesicles.

Although

microautophagy is not well characterized, it is clear that peroxisomes (Sakai et al., 1998), nuclei
(Roberts et al., 2003), ER (Schuck et al., 2014), mitochondria (Kissova et al., 2007), LDs (van
Zutphen et al., 2014; Wang et al., 2014), and the cytoplasm (Muller et al., 2000) can be degraded
by microautophagy in yeast. Microautophagy also occurs in mammalian cells, where is it believed
to function in the turnover of long-lived proteins (Mijaljica et al., 2011). Moreover, recent studies
revealed a role for microautophagy in mouse development (Kawamura et al., 2012). Here, we
report that LD-dependent removal of unfolded proteins from ER and degradation by
microlipophagy are not restricted to lipid imbalance-induced ER stress. We find that this pathway
is activated by induction of ER stress by tunicamycin (TM), a protein glycosylation inhibitor, or the
reducing agent, dithiothreitol (DTT).
Previous studies revealed that microlipophagy occurs in response to transition into
stationary phase or nitrogen starvation in yeast and requires core ATG genes (van Zutphen et al.,
2014; Wang et al., 2014). In both cases, LDs bind to and are taken up into the vacuole at sterolrich, raft-like liquid ordered (Lo) microdomains. Two essential Niemann-Pick type C (NPC) sterol
transporter proteins in vacuolar lumen, Ncr1p and Npc2p, transfer sterols to the vacuolar
membrane during Lo microdomain formation and are required for microlipophagy under both
conditions (Tsuji et al., 2017). Interestingly, the source for sterols in Lo microdomains differs in
yeast in stationary phase and undergoing nitrogen starvation. Sterol-rich intraluminal vesicles
(ILVs) are the main source of Lo microdomain sterols in nitrogen starved yeast (Tsuji et al., 2017).
These ILVs are transported to the vacuole in an ATG-dependent manner by multivesicular bodies
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(MVBs), membrane bound structures that are generated from late endosomes, contain internal
membranes and deliver proteins and lipids to the vacuole (Piper and Katzmann, 2007). In
contrast, sterol esters in LDs are the sterol source in stationary phase yeast cells (Wang et al.,
2014).
Studies from our laboratory and others revealed an alternative, ATG gene independent
mechanism for microlipophagy in yeast exposed to lipid imbalance or undergoing the diauxic shift
from glycolysis- to respiration-driven growth when glucose becomes limiting (Oku et al., 2017;
Vevea et al., 2015). This pathway relies on the endosome sorting complexes required for transport
(ESCRT) machinery, which consists of conserved membrane complexes (ESCRT I-III) that
mediate membrane invagination and scission in conjunction with the ATPase Vsp4. Although
ESCRT was first identified for its function in vacuolar protein sorting and formation of
multivesicular bodies (MVBs), it has diverse functions including membrane deformation and
scission during cytokinetic abscission, neuron remodeling, plasma membrane repair, budding of
enveloped viruses from cells as well as nuclear envelop remodeling, quality control and repair
(Christ et al., 2017). Indeed, recent studies support a requirement for the ESCRT complex in
uptake and degradation of ubiquitinated vacuolar membrane proteins by the vacuole in response
to heat stress in yeast (Ishii et al., 2018; Zhu et al., 2017). Our findings support a direct role for
ESCRT I-III complexes in vacuolar membrane invagination and scission during microautophagy
of LDs and their associated unfolded ER proteins under conditions of lipid imbalance- and
chemically induced-ER stress in budding yeast.
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Results
TM- and DTT-induced ER stress induces LD degradation by microautophagy. Our previous
studies revealed that lipid imbalance results in ER stress, removal of ER proteins form the
organelle in LDs and degradation of LDs by ATG-gene independent microlipophagy. We also
found that induction of ER stress by treatment with DTT or TM results in elevated LD levels and
LD degradation (Vevea et al., 2015). Here, we detect other similarities between ER stress
responses to lipid imbalance, DTT or TM treatment. The ER lumen is an oxidizing environment
that is conducive to oxidative folding of in that compartment. We tested whether lipid stress affects
the redox state of the ER by expression of an ER-targeted, redox sensing GFP (eroGFP)
(Merksamer et al., 2008) in control yeast and yeast undergoing lipid imbalance (Fig. 1A-B). First,
we confirmed that the ER lumen is an oxidizing environment. Indeed, treatment with the oxidizing
agent H2O2 does not affect the redox state of that site. In addition, we find that lipid stress renders
the ER lumen more reduced. These studies support the model that UPR activation that occurs in
response to lipid stress may be due on part to defects in oxidative folding in the ER.
We also observe an increase in the steady state level of Kar2p and Lhs1p under conditions
of lipid imbalance as well as DTT- or TM-induced ER stress (SFig. 1A-B). Kar2p, the yeast
homologue of BiP, is a chaperone of the Hsp70 family that mediates folding of ER proteins and
drives protein translocation across the protein conducting channel in the ER membrane (Romisch,
1999; Rose et al., 1989; Tokunaga et al., 1992). Lhs1p is a Hsp70 chaperone and nucleotide
exchange factor that activates Kar2p and also functions in ER protein folding and translocation of
proteins across the ER membrane (Saris et al., 1997; Steel et al., 2004). Both proteins are
unregulated by the UPR (Baxter et al., 1996; Craven et al., 1996).
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Figure 1. TM- and DTT-induced ER stress induces LD degradation by microautophagy. (A)
Representative images of redox state of ER in cho2Δ+C1 and cho2Δ-C1 cells visualized with
eroGFP. Reduced, oxidized and reduced:oxidized eroGFP ratio images are shown. Color scale
in bottom panel shows the dynamic range of ratios, with warmer colors indicating a more reducing
environment. Bar, 2 μm. (B) Quantitation of reduced:oxidized eroGFP ratios in cho2Δ+C1 and
cho2Δ-C1 cells as shown in A. The box indicates the middle quartiles with the horizontal line
representing the median; whiskers show the 10th and 90th percentiles, and red dots represent
values in the top and bottom 10th percentiles. Representative trial from 3 independent experiments
(n= 35-38 for each condition, ****, p < 0.0001, by unpaired two-tailed Student’s t-test). (C and E)
Representative Western blots of autophagy assay of Erg6p-mCherry in wild-type (WT), atg1Δ,
atg8Δ and pep4Δ cells treated with 5 mM DTT or 2 µg/ml TM for 8 hours. -mCh, free mCherry
generated by vacuolar degradation of Erg6p-mCherry. TCE, Total protein loading control. (D
and F) Quantitation of vacuolar degradation of Erg6p-mCherry in WT, atg1Δ and atg8Δ cells from
Western blots as shown in C and E. Bar graph shows average ± SEM of total intensity of free
mCherry bands normalized to TCE for each lane and to WT cells grown on SC for each
experiment. (DTT: n=8 and TM: n=9 independent trials, p>0.05 for pairwise differences between
strains by one-way ANOVA with Bonferroni’s post-hoc test for multiple comparisons). (G)
Transmission electron microscopy (TEM) images of WT cells grown on SC, SC + 5 mM DTT or
SC + 2 µg/ml TM for 8 hours. V, vacuole; N, nucleus; LD, lipid droplet.

Given the similarities between ER stress induced by all three stressors, we tested whether
TM- or DTT-induced ER stress induces LD autophagy that is similar to that observed during lipid
imbalance (Fig. 1D-G) (SFig. 1E-F). We tagged the LD marker protein Erg6p with mCherry and
assessed degradation of Erg6p-mCherry to free mCherry, an established assay for autophagy
(Yu et al., 2012). We confirmed previous findings that DTT or TM treatment results in degradation
of Erg6p. Moreover, we find that Erg6p degradation requires the vacuolar protease Pep4p, and
therefore occurs by autophagy. Finally, we find that DTT- or TM-induced LD autophagy does not
require core ATG genes. Atg8p is a small membrane bound ubiquitin-like protein that localizes to
pre-autophagosomes and autophagosomes and is required for efficient autophagosome
formation (Kirisako et al., 1999; Suzuki et al., 2001) . Atg1p is a cytosolic protein kinase that is
required for pre-autophagosome formation during autophagy (Matsuura et al., 1997; Straub et al.,
1997). Deletion of either ATG8 or ATG1 inhibits macroautophagy. However, deletion of either
ATG8 or ATG1 does not inhibit TM- or DTT-induced LD autophagy. Consistent with this, our
ultrastructural analysis revealed that LDs are not found within autophagosomes in TM- or DTTtreated cells. Instead, they are associated with vacuoles at sites of invagination of the vacuolar
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membrane and found within vacuoles (Fig. 1H). Thus, we find that TM- or DTT-treatment, like
lipid stress, induces ATG independent LD microautophagy or microlipophagy.

ER proteins are recruited to LDs during lipid stress and chemically induced ER stress. Our
previous studies revealed that lipid-induced ER stress results in recruitment of ubiquitinated,
presumably unfolded ER proteins and the ER chaperone Kar2p to LDs. Here, we used mass
spectrometry to identify the proteome of LDs isolated from control cells and yeast undergoing lipid
stress or chemically induced ER stress (Supp Table 1). We detect 24 out of the 27 known LD
proteins in isolated LDs. Most of the resident LD marker proteins are present in equivalent levels
in LDs isolated from control cells and cells exposed to all 3 stressor studied (Supp Table 2). On
the other hand, under all stress conditions tested, proteins that are not known LD proteins are
recovered with isolated LDs. In some cases, these proteins are not detectable in LDs isolated
from control samples and are readily detectable in LDs isolated for yeast exposed to the stressor
studied. In other cases, the proteins are present in LDs isolated from control cells, and enriched
in LDs isolated from cells undergoing lipid stress or chemically induced ER stress. Interestingly,
the majority of the proteins that are recruited to or enriched in LDs under all three stress conditions
localize to ER, ER membranes or ER lumen (Table 1). Moreover, the functions of the proteins
that are recovered with LDs under the stress conditions studied are varied. However, under all
stress conditions studies, proteins that function in protein folding, response to stress, oxidation
reduction processes or SRP-dependent co-translational protein targeting to and translocation
across the ER membrane are recruited to LDs (Table 3). Similarly, proteins that are enriched in
LDs isolated from cells undergoing lipid imbalance- or chemically-induced ER stress function in
the response to unfolded proteins, post-translational protein targeting to and translocation across
ER membranes, or ER associated catabolic processes (Supp Table 3). Thus, proteins that are
associated with the UPR, reduction of ER stress and protein import into the ER are recruited to
or enriched in LDs under all stress conditions studied.
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lipid stress

Subcellular
localiization

p-value

ER [735]

<1e-14

ER membrane
[735.01]
peroxisomal matrix
[760.03]

2.05E07
1.20E03
4.35E03

DTT

ER lumen [735.05]

ER lumen [735.05]

9.79E12
3.78E05
7.13E05
3.16E04
1.47E03
3.29E03

ER [735]

4.26E04

cytoplasm [725]

5.54E04

mitochondria [755]
ER membrane
[735.01]

6.10E04
4.84E03

ER [735]
ER membrane
[735.01]
nuclear pore
[750.07]
golgi membrane
[740.01]

TM

vacuole [770]

Genes In Category from Cluster
ALG1 SEC66 ROT2 EMC1 PMT1
GTB1 SRP101 EUG1 WBP1 SPF1
SCS2 ERG26 STT3 OLE1 PCT1
ERG11 MSC7 NCP1 ERG9 TED1
CBR1 OST1 OSM1 SAC1 AAT2
HSP60 ERV25 GSF2 NTE1 ERO1
ERG5 YNR021W KRE5 DPM1
ALG1 SEC66 PMT1 SRP101 SCS2
NCP1 ERG9 OST1 SAC1 ERG5
DPM1
PCS60 MDH3 AAT2
EUG1 KRE5
ALG1 PMT1 LCB2 DPL1 EUG1 WBP1
SPF1 SCS2 BGL2 ERG11 MSC7
NCP1 ERG9 CBR1 OST1 SAC1
HSP60 GSF2 ERO1 LCB1 SIL1 KTR1
KRE5 ATF1 DPM1
ALG1 PMT1 SCS2 NCP1 ERG9 OST1
SAC1 DPM1
NUP170 NIC96 NUP159 NUP192
NUP82
PEP1 MNN2 YPT32 SAC1 KTR1
DPM1
PRB1 AMS1 BGL2 SAC1 YBT1 FKS1
KTR1 KRE5
EUG1 KRE5
ARE1 FPR2 SPF1 OLE1 NCP1 SPC1
HSP60 SEC72 ERO1 GAS1 SIL1
SEC62 DPM1
SSE2 RPL21A RPS14A ARE1 RDI1
CPR1 HSP42 GRX2 SPF1 HYP2
GLE2 RSP5 GDI1 DNF1 OLE1 NCP1
ENO2 MHP1 TDH1 SNA3 RPS14B
DID4 FBA1 YKL107W SSA2 YLR225C
ACO1 RPL20A POR1 YNL208W SSB2
RPS19B ADH1 RPS19A MBF1 GDH1
SEC23
SSE2 ILV6 GRX2 SPF1 HYP2 RSP5
DNF1 NCP1 ILV3 SSC1 ATP2 HSP60
ACO1 GAS1 POR1 YNL208W MBF1
ALD4 DPM1
FPR2 NCP1 SEC72 SEC62 DPM1
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TM

DTT

lipid stress

Table 1. Identity and subcellular localization of proteins that undergo stress-induced
recruitment to LDs. FunSpec analysis normalized peptide counts from mass spectrometry
analysis of isolated LD in cho2Δ+C1 and cho2Δ-C1, and WT cells grown on SC + 5 mM DTT or 2
µg/ml TM for 8 hours.

Category

p-value

ER [735]
ER lumen [735.05]
lipid particles [780]

1.31E-13
1.92E-07
2.46E-05

mitochondria [755]

1.63E-03

cytoplasm [725]

3.55E-03

ER [735]
ER lumen [735.05]
lipid particles [780]

1.49E-12
2.77E-07
1.06E-06

mitochondria [755]
golgi membrane
[740.01]
ER lumen [735.05]
lipid particles [780]

1.51E-04

Genes In Category from Cluster
PMT2 SEC17 RER2 PDI1 RTN1
CPR5 FMP52 YPT1 PMA1 CWH41
ERG1 KAR2 LHS1 GPT2 ERG27
CSR1 MSC1 SCJ1 ALG11 YDJ1
ACC1 SEC63
PDI1 KAR2 LHS1 SCJ1
ERG1 ERG27 TGL3 PDR16
RTN1 FMP52 YPT1 PMA1 URA2
ILV5 CSR1 MSC1 HSC82 ACC1
ZEO1 SEC63 PEP4 PGC1 YPR097W
SSA1 CDC19 SEC17 RER2 PDI1
PGK1 RVB1 RTN1 CPR5 FMP52
YPT1 ERG1 TDH3 URA2 GPT2
RPL8B ERG27 CSR1 MSC1 HSC82
SIS1 YDJ1 RPS3 PDR16 PDR17
ACC1 ZEO1 TEF1
PMT2 SEC17 RER2 PDI1 CAB5
YPT1 PMA1 ERG1 SAY1 ERG7
KAR2 LHS1 YJU3 GPT2 ERG27
MSC1 SCJ1 ALG11 YDJ1 ACC1
VPS21 SEC63
PDI1 KAR2 LHS1 SCJ1
FAT1 ERG1 ERG7 ERG27 TGL3
YPT1 PMA1 GCN1 URA2 VPS13
PEX30 ILV5 ALO1 MSC1 HSC82
ACC1 ZEO1 VPS21 SEC63 MUK1
PEP4 PGC1 RHO1

4.47E-03
4.30E-08
5.65E-06

SEC17 ARF1 YPT1 YPT52
PDI1 KAR2 LHS1 SCJ1
PET10 OSW5 FAA4 TGL3

ER [735]
vacuole [770]
cell periphery [715]
vacuolar
membrane
[770.01]

1.22E-05
4.27E-04
2.61E-03

PMT2 SEC17 PDI1 RTN1 PMA1
SAY1 GTT1 KAR2 LHS1 CSR1 SCJ1
VMA2 PDI1 VMA1 PMA1 LHS1 PEP4
RTN1 PMA1 GTT1 RAS2 RHO1

9.63E-03

VMA2 VMA1 PIB2
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Table 2. Identity and subcellular localization of proteins that are enriched in LDs in
response to different stressors. FunSpec analysis normalized peptide counts from mass
spectrometry analysis of isolated LD in cho2Δ+C1 and cho2Δ-C1, and WT cells grown on SC + 5
mM DTT or 2 µg/ml TM for 8 hours.

function
protein folding
[GO:0006457]
response to
stress
[GO:0006950]
oxidationreduction
process
[GO:0055114]
SRP-dependent
cotranslational
protein targeting
to membrane,
translocation
[GO:0006616]

function
response to
unfolded protein
[GO:0006986]
posttranslational
protein targeting
to membrane,
translocation
[GO:0031204]
ER-associated
protein catabolic
process
[GO:0030433]

proteins recruited to LDs
lipid stress
DTT
TM
SSE2 EUG1 CAJ1
EUG1 SSA4 SSC1
SSE2 CPR1 FPR2
SSA4 SSC1 SSA2
SSA2 HSP60
SSC1 SSA2 HSP60
HSP60 GSF2 ERO1
GSF2 ERO1
ERO1
HSP82
HSP82
SSE2 HSP42 SSA4
SSA4 SSC1 SSA2
SSE2 HSP42 SSC1 SSA2
SSC1 SSA2 HSP104
HSP60 SSB2
UBI4 HSP60 SSB2
HSP60 SSB2
SEY1 HSP82
SEY1 HSP82
MDH3 ARO1 ERG26
GPX2 ERG11
OLE1 ERG11 MSC7
MSC7 NCP1
OLE1 NCP1 TDH1
NCP1 ERG9 CBR1
ERG9 CBR1
YKL107W ERO1
TDH1 OSM1 ERO1
TDH1 YKL107W
ADH1 ALD4 GDH1
ERG5 ADH1
FAS1 ERO1 FAS2

SSA4 SSA2

SSA4 SSA2 SIL1

SSA2 SIL1

lipid stress

proteins enriched in LDs
DTT

TM

KAR2 LHS1 SCJ1

KAR2 LHS1 SCJ1

KAR2 LHS1 SCJ1

KAR2 LHS1 SEC63

KAR2 LHS1
SEC63

KAR2 LHS1

KAR2 CSR1 SCJ1 YDJ1

KAR2 CSR1 SCJ1
YDJ1

KAR2 CSR1 SCJ1

Table 3. Function Summary of protein that are either recruited or enriched in LDs under
lipid imbalance, DTT-, or TM- induced ER stress.
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Figure 2. ER proteins are recruited to LDs during lipid stress and chemically induced ER
stress. (A) Left panel: Representative images of cho2Δ+C1 and cho2Δ-C1 cells tagged with
Sec63p-GFPEnvy and Erg6p-mCherry. Max, maximum projection; Mid, single optical section
through the middle of the cell. Arrowheads, LDs that do not colocalize with Sec63p; white straight
line, location of profile shown in right panel. Bar, 2 μm. Right panel: Profile of intensity values of
Sec63p-GFPEnvy and Erg6p-mCherry along the white line shown in the left panel. Intensity is
measured as arbitrary units from the raw unadjusted images. (B) Quantitation of colocalization
between Sec63p-GFPEnvy and Erg6p-mCherry using Manders’ overlap coefficient (R). The box
indicates the middle quartiles with the horizontal line representing the median; whiskers show the
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10th and 90th percentile, and red dots represent values in the top and bottom 10th percentiles.
Representative trial from 3 independent experiments (n= 108-135 for each condition, ****, p <
0.0001, by unpaired two-tailed Mann-Whitney test). (C-D) Cells tagged with Kar2p-sfGFP and
Erg6p-mCherry were analyzed as in A-B. Representative trial from 3 independent experiments
(n= 80-82 for each condition, ****, p < 0.0001, by unpaired two-tailed Mann-Whitney test). (E-F)
Cells tagged with Nup159p-GFPEnvy and Erg6p-mCherry were analyzed as in A-B.
Representative trial from 3 independent experiments (n= 91-105 for each condition, **, p < 0.01,
by unpaired two-tailed Mann-Whitney test). (G-H) Cells tagged with Alg1p-GFPEnvy and Erg6pmCherry were analyzed as in A-B. Representative trial from 3 independent experiments (n= 106
for each condition, ****, p < 0.0001, by unpaired two-tailed Mann-Whitney test).
To exclude the possibility that the ER proteins detected in the LD fractions are due to ER
contamination, we studied whether ER proteins that are recovered with isolated LDs co-localize
with LDs. The proteins under investigation are Sec63p (an essential protein and component of
the protein translocating channel in the ER membrane), Kar2p and Lhs1p (ER chaperones that
promote protein folding in the ER lumen and protein translocation across ER membranes),
(Misselwitz et al., 1999; Novick et al., 1980; Young et al., 2001), Nup159p (a component of the
nuclear pore complex) (Kraemer et al., 1995) and Alg1p (a mannosyltransferase that is required
for asparagine-linked glycosylation in the ER) (Albright and Robbins, 1990). With the exception
of Kar2p and Lhs1p, all proteins examined are integral ER membrane proteins.
We find that all proteins studied co-localize with LDs in yeast undergoing lipid imbalanceinduced ER stress (Fig. 2). Moreover, we find that induction of lipid stress results in statistically
significant increases in the overlap coefficient of all proteins with LDs and in the recruitment of all
proteins studied to LDs. Finally, our time lapse imaging studied revealed that Alg1p and Nup159p
co-localize and also move with LDs. Thus, the co-localization of Alg1p and Nup159p with LDs
reflects a physical association. Importantly, the colocalization observed is not a consequence of
global co-localization of ER with LDs: other resident ER proteins including Spf1p, Hmg1p, and
Sac1p are not detected in LD’s isolated from yeast under the stress conditions studied and do not
co-localize with LDs in response to lipid stress (SFig. 2).
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Figure 3. Cytosolic chaperones are recruited to LDs during conditions of lipid stress. (A)
Left panel: Representative images of cho2Δ+C1 and cho2Δ-C1 cells tagged with Ssa1p-GFP and
Erg6p-mCherry. Max, maximum projection; Mid, single optical section through the middle of the
cell. Arrowheads, LDs that do not colocalize with Ssa1p; white straight line, location of profile
shown in right panel. Bar, 2 μm. Right panel: Profile of intensity of Ssa1-GFP and Erg6p-mCherry
along the white line shown in the left panel. Intensity is measured as arbitrary units from the raw
unadjusted images. (B) Quantitation of colocalization between Ssa1p-GFP and Erg6p-mCherry
using Manders’ overlap coefficient (R). The box indicates the middle quartiles with the horizontal
line representing the median; whiskers show the 10th and 90th percentile, and red dots represent
values in the top and bottom 10th percentiles. Representative trial from 3 independent experiments
(n= 29-34 for each condition, ****, p < 0.0001, by unpaired two-tailed Mann-Whitney test).
(C-D) Cells tagged with Ssa2p-GFPEnvy and Erg6p-mCherry were analyzed as in A-B.
Representative trial from 3 independent experiments (n= 69-84 for each condition, ****, p <
0.0001, by unpaired two-tailed Mann-Whitney test). (E-F) Cells tagged with Ssa4p-GFPEnvy and
Erg6p-mCherry were analyzed as in A-B. Representative trial from 3 independent experiments
(n= 42 for each condition, *, p < 0.05, by unpaired two-tailed Mann-Whitney test). (G-H) Cells
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tagged with Hsp82p-GFPEnvy and Erg6p-mCherry were analyzed as in A-B. Representative trial
from 3 independent experiments (n= 64-77 for each condition, ****, p < 0.0001, by unpaired twotailed Mann-Whitney test).
Our findings that Kar2p co-localizes with LDs in response to lipid imbalance-induced ER
stress, and is recruited to LDs in response to lipid stress supports the model that the ER proteins
present in LDs are unfolded. To test this hypothesis, we studied the localization of 4 cytosolic
chaperone proteins (Ssa1p, Ssa2p, Ssa4p and Hsp82p) and LDs under conditions of lipid stress.
These proteins were selected for analysis because they are abundant and also recovered in
higher levels in LDs isolated from lipid stressed compared to non-stressed cells. We find that lipid
stress results in a statistically significant increase in the colocalization of all 4 chaperones with
LDs (Fig. 3 and SFig. 3). Overall, our findings support a role for LDs in removing unfolded proteins
from the ER under conditions of lipid stress.
We also find that TM- and DTT-induced ER stress results in statistically significant
increases in the overlap coefficient of Sec63p and Kar2p with LDs and in the recruitment of
Sec63p and Kar2p to LDs (Fig. 4 and SFig. 4). Thus, proteins that are recovered with isolated
LDs upon treatment with TM or DTT are physically associated with LD and are not ER
contaminants in the LD preparation. Interestingly, we find that proteins that associate with LDs
vary in response to these stressors. Specifically, Nup159p and Alg1p co-localizes with LDs in
DTT-treated cell but not in TM-treated cells.
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Figure 4. ER proteins are also recruited to LDs during chemically induced ER stress. (A)
Top panels: Representative images of WT cells tagged with Sec63p-GFPEnvy and Erg6pmCherry grown on SC, SC + 5 mM DTT or SC + 2 µg/ml TM for 8 hours. Max, maximum
projection; Mid, single optical section through the middle of the cell; Enlarged, higher
magnification of middle section. White straight line, location of profile shown in Figure S4. Bar, 2
μm. Bottom panel: quantitation of colocalization between with Sec63p-GFPEnvy and Erg6p38

mCherry using Manders’ overlap coefficient (R). The box indicates the middle quartiles with the
horizontal line representing the median; whiskers show the 10th and 90th percentile, and red dots
represent values in the top and bottom 10th percentiles. Representative trial from 3 independent
experiments (n= 101-126 for each condition, ****, p < 0.0001, by Kruskal-Wallis test with Dunn’s
post-hoc test for multiple comparisons). (B) Cells tagged with Kar2p-sfGFP and Erg6p-mCherry
were analyzed as in A. Representative trial from 3 independent experiments (n>60 cells for each
condition, ****, p < 0.0001, by Kruskal-Wallis test with Dunn’s post-hoc test for multiple
comparisons). (C) Cells tagged with Nup159p-GFPEnvy and Erg6p-mCherry were analyzed as
in A. Representative trial from 3 independent experiments (n>60 cells for each condition, ****, p
< 0.0001, by Kruskal-Wallis test with Dunn’s post-hoc test for multiple comparisons). (D) Cells
tagged with Alg1p-GFPEnvy and Erg6p-mCherry were analyzed as in A. Representative trial from
3 independent experiments (n> 55 cells for each condition, ****, p < 0.0001, by Kruskal-Wallis test
with Dunn’s post-hoc test for multiple comparisons).
Microlipophagy in response to lipid stress and chemically induced ER stress can occur in
the absence of Lo microdomains in the vacuolar membrane. Since LDs are taken up into the
vacuole at Lo microdomains during microlipophagy in stationary phase or nitrogen starved yeast,
we tested whether a similar mechanism occurs during macrolipophagy in response to the 3
stressors studied. Lo microdomains are readily detected as punctate vacuolar membrane
structures that contain Ivy1p, a phospholipid binding vacuolar membrane protein. In mid-log
phase yeast, Ivy1p localizes to a single punctate structure in the vacuolar membrane. As cell
transition to stationary phase and Lo microdomains form, Ivy1p form progressively more
abundant, smaller punctate structures (SFig. 5).
In contrast to Ivy1p, which is enriched in Lo microdomains, Vph1p, a subunit of the
vacuolar ATPase, is excluded from Lo microdomains and is therefore a marker for liquid
disordered (Ld) domains. In mid-log phase yeast, Vph1p is uniformly distributed throughout the
vacuolar membrane and excluded at sites of contact between the vacuole and the nucleus
(Dawaliby and Mayer, 2010; Martinez-Munoz and Kane, 2008). Within 1 to 2 days after entry into
stationary phase, Lo microdomains formation and maturation is evident and occurs in 3 stages
that are detectable by visualization of Vph1p. In type I, immature Lo microdomains, Vph1p is
excluded from large regions in the vacuolar membrane. In type II maturing Lo microdomains,
Vph1p is excluded from semi-symmetrical structures. Finally, in fully mature type III Lo
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microdomains, Vph1p is excluded from small punctate structures that are similar in size and
regularly spaced within the vacuolar membrane (SFig. 5) (Toulmay and Prinz, 2013; Wang et al.,
2014). Although Ivy1p is not a good marker for Lo microdomain formation and maturation, it
localizes to the regions where Vph1p is excluded in mature Lo microdomains. Interestingly, the
size of Ivy1p puncta in mature Lo microdomains is smaller than the area where Vph1 is excluded.
We confirmed that Lo microdomain formation and maturation occurs during the transition
into stationary phase (Fig. 5A). In mid-log phase yeast, there are no detectable mature Lo
microdomains. However, within 1-2 days after entry into stationary phase, Lo microdomains in
various stages of maturation are detected in all cells examined. 1 day after transition to stationary
phase, <4% of the cell examined contain fully mature Lo microdomains. In contrast, 40% of the
cells examine contain type III Lo microdomains 2 days after that transition (Fig. 5B). Consistent
with this, we detect a statistically significant increase in Ivy1p punctate in yeast after 2 days at
stationary phase compared to mid-log phase cells (Fig. 5C-D).
We also find that Lo microdomain formation occurs in response to lipid imbalance and
DTT- or TM-induced ER stress (Fig. 5A-D). However, the increase in Lo microdomain formation
is significantly less that than observed in yeast that have transitioned to stationary phase.
Moreover, using Vph1p, we find that Lo microdomains detected in response to all 3 stressors are
immature (type I or II).
Finally, to determine whether Lo microdomains are required for microlipophagy under lipid
imbalance-, DTT- or TM-induced ER stress, we studied LD autophagy in yeast bearing deletions
in the NCR1 and NPC2, vacuolar Niemann-Pick type C sterol transporter proteins that are
essential for Lo microdomain formation (Fig. 5E-G). We find that deletion of NCR1 and NPC2
has no effect on microlipophagy that occurs in response to TM- and DTT-induced ER stress. In
contrast, microlipophagy is inhibited but not completely blocked in ncr1∆ npc2∆ cells undergoing
lipid stress. Thus, microlipophagy in chemically induced ER stress is entirely independent of Lo
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microdomains. In contrast, macrolipophagy occurs by Lo microdomain dependent and
independent processes in response to lipid imbalance.
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Figure 5. Microlipophagy in response to lipid stress and chemically induced ER stress can
occur in the absence of Lo microdomains in the vacuolar membrane. (A) Representative
images of cho2Δ+C1, cho2Δ-C1 and WT cells tagged with Vph1p-GFPEnvy (Vph1p) and Erg6pmCherry (LD). WT cells were grown on SC, SC + 5 mM DTT or SC + 2 µg/ml TM for 8 hours, and
in SC for 2 days at stationary phase (2D). Mid, single optical section through the middle of the
cell; Top, single optical section across the top of the vacuole. HC indicates higher contrast
enhancement used to properly visualize the top of the vacuole. Bar, 2 μm. (B) Percentage of cells
with vacuoles showing no Lo microdomains (ND) or Lo microdomain type I, II or III, as shown in
Figure S5A, in cho2Δ+C1 and cho2Δ-C1 cells (middle panel); WT cells grown on SC, SC + 5 mM
DTT or SC + 2 µg/ml TM for 8 hours (right panel); or SC for 2 days at stationary phase (2D) (left
panel). Bars represent average + SEM from 3 independent trials. (n>60 cells for each condition
per trial. Left and middle panels: ****, p < 0.0001, by unpaired two-tailed Student’s t-test. Right
panel: *, p < 0.05; ***, p < 0.001, by unpaired one-way ANOVA with Bonferroni’s post hoc test for
multiple comparisons). (C) Representative images of cho2Δ+C1, cho2Δ-C1 and WT cells tagged
with Ivy1p-GFPEnvy (Red) and Vph1p-mCherry (Brightscale). WT cells were grown on SC, SC +
5 mM DTT or SC + 2 µg/ml TM for 8 hours, and in SC for 2 days at stationary phase (2D). Mid,
single optical section through the middle of the cell; Top, single optical section across the top of
the vacuole. HC indicates higher contrast enhancement used to properly visualize the top of the
vacuole. Bar, 2 μm. (D) Percentage of cells with vacuoles showing Lo microdomains or Ld
vacuoles in cho2Δ+C1 and cho2Δ-C1 cells (middle panel); WT cells grown on SC, SC + 5 mM DTT
or SC + 2 µg/ml TM for 8 hours (right panel); or SC for 2 days at stationary phase (2D) (left panel).
Bars represent average + SEM from 3 independent trials. (n>50 cells for each condition per trial.
Left and middle panels: ****, p < 0.0001, by unpaired two-tailed Student’s t-test. Right panel: **, p
< 0.01; ****, p < 0.0001, by unpaired one-way ANOVA with Bonferroni’s post hoc test for multiple
comparisons). (E) Top panel: Representative Western blot of autophagy assay of Erg6pmCherry in WT and npc2Δ ncr1Δ cells treated with 5 mM DTT for 8 hours. -mCh, free mCherry
generated by vacuolar degradation of Erg6p-mCherry. TCE, Total protein loading control. Bottom
panel: quantitation of vacuolar degradation of Erg6p-mCherry in WT and npc2Δ ncr1Δ cells
treated with 5 mM DTT for 8 hours as shown in top panel and Figure 7C. Bar graph shows
average + SEM of total intensity of free mCherry bands normalized to TCE for each lane and to
WT cells grown on SC for each experiment. (n=8 independent trials, p>0.05 by one-way ANOVA
with Bonferroni’s post-hoc test for multiple comparisons). (F) Representative Western blot of WT
and npc2Δ ncr1Δ cells treated with 2 µg/ml TM for 8 hours and analyzed as in E. (n=10
independent trials, p>0.05 by one-way ANOVA with Bonferroni’s post-hoc test for multiple
comparisons). (G) Top panel: Representative Western blot of autophagy assay of Erg6p-mCherry
in cho2Δ and cho2Δnpc2Δncr1Δ grown with and without 1 mM Choline for 24 hours. TCE, Total
protein loading control. Bottom panel: quantitation of vacuolar degradation of Erg6p-mCherry in
cho2Δ and cho2Δnpc2Δncr1Δ cells shown above. Bar graph shows average + SEM of total
intensity of free mCherry bands normalized to TCE and to cho2Δ+C1. (n=15 independent trials, ***,
p < 0.001 by one-way ANOVA with Bonferroni’s post-hoc test for multiple comparisons).
Role for the ESCRT complex in lipid stress-induced microlipophagy. Vps4p is a AAA
ATPase that mediates ESCRT III complex remodeling and force generation during membrane
scission in vitro (Christ et al., 2017; Mierzwa et al., 2017; Schoneberg et al., 2018). Our previous
studies revealed that lipid stress induces an increase in VPS4 transcripts and deletion of VPS4

42

inhibits lipid stress-induced microlipophagy in yeast (Vevea et al., 2015). These studies revealed
a possible role for ESCRT in lipid stress-induced microlipophagy.
Here, we find that other ESCRT complexes are required for lipid stress induced
microlipophagy. Specifically, we find that deletion of ESCRT 0, I, II and III complex subunits
(Vsp27p, Vsp23p, Vsp36p and Snf7p, respectively) and of Vsp4p reduces but does not
completely abolish LD autophagy in yeast undergoing phospholipid imbalance (Fig. 6A).
Moreover, we find that the degree of inhibition of LD autophagy is similar upon deletion of all
ESCRT components and Vps4p. Thus, we find that lipid stress-induced microlipophagy occurs
by ESCRT-dependent and independent processes.
To determine the relative contributions of ESCRT and Lo microdomains lipid stressinduced microlipophagy, we measured LD autophagy in WT, snf7∆, ncr1∆ npc2∆ and snf7∆ ncr1∆
npc2∆ cells in the presence and absence of lipid imbalance. We find that inhibition of ESCRT or
Lo microdomain formation alone results in partial inhibition of lipid stress-induced microlipophagy
and that deletion of ESCRT and Niemman Pick proteins completely blocks that microlipophagy
induced by lipid imbalance (Fig. 6B). These findings support a role for Lo microdomains as well
as ESCRT 0-III complexes and Vsp4p in lipid stress-induced microlipophagy.
Finally, we studied the localization of ESCRT 0 subunits (Hse1p and Vsp27p), ESCRT I,
II and III subunits (Vps23p, Vsp36p and Snf7p, respectively) and Vps4p in lipid stressed and
control yeast cells (Fig. 6C-E). We confirmed findings that each of these proteins localize to
punctate structures that are detectable in the cytosol and on or near the vacuole in control cells.
Moreover, we find that lipid imbalance results in recruitment of ESCRT 0-III and Vsp4p to the
vacuolar membrane. Indeed, we detect a statistically significant increase in the overlap coefficient
of these proteins with vacuolar membranes and in the fluorescence intensity of those proteins at
vacuolar membranes. The findings that all ESCRT complexes and Vps4p are required for lipid
stress induced LD autophagy and are also recruited to vacuolar membranes by lipid stress
supports a direct role for ESCRT in lipid stress-induced microlipophagy.
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Figure 6. ESCRT components are required for lipid stress-induced microlipophagy. (A)
Western blot autophagy assay of ESCRT mutants during conditions of lipid stress. Left panel:
Representative Western blot of Erg6p-mCherry in cho2Δ, vps27Δcho2Δ, vps23Δcho2Δ,
vps36Δcho2Δ, snf7Δcho2Δ and vps4Δcho2Δ cells grown with or without 1 mM choline (Cho) for
24 hours. -mCh, free mCherry generated by vacuolar degradation of Erg6p-mCherry. TCE, Total
protein loading control. Right panel: Quantitation of vacuolar degradation of Erg6p-mCherry from
Western blots as in left panel. Bar graph shows average + SEM of total intensity of free mCherry
bands normalized to TCE for each lane and to cho2Δ +C1. (n=8 independent trials, **, p<0.01 by
one-way ANOVA with Bonferroni’s post-hoc test for multiple comparisons). (B) Top panel:
Representative Western blot of Erg6p-mCherry in cho2Δ, npc2Δncr1Δcho2Δ, snf7Δcho2Δ, and
npcr2Δncr1Δsnf7Δcho2Δ cells grown with or without 1 mM choline (Cho) for 24 hours. Bottom
panel: Quantitation of vacuolar degradation of Erg6p-mCherry from Western blots as in top panel.
Bar graph shows average + SEM of total intensity of free mCherry bands normalized to TCE for
each lane and to cho2Δ+C1. (n=15 independent trials, *, p < 0.05; **, p<0.01; ***, p < 0.001 and
****, p < 0.0001 by one-way ANOVA with Bonferroni’s post-hoc test for multiple comparisons). (C)
Representative images of cho2Δ and vps4Δcho2Δ cells tagged with Npc2p-GFPEnvy (top panels)
or Ncr1p-GFPEnvy (bottom panels) and Vph1p-mCherry grown with (cho2Δ+C1) or without (cho2ΔC1
) 1 mM choline for 24 hours. Images are single optical sections through the middle of the cell.
Arrowheads, vacuoles with mis-localized Npc2p or Ncr1p; asterisks, Class E vacuoles. Bar, 2 μm.
(D) Representative images of cho2Δ+C1 and cho2Δ-C1 cells tagged with either Hse1p-GFPEnvy,
GFPEnvy-Vps27p, Vps23p-GFPEnvy, Vps36p-GFPEnvy, Snf7p-GFPEnvy or Vps4p-3HAGFPEnvy, and Vph1p-mCherry. Images are single optical sections through the middle of the cell.
Bar, 2 μm.
Role for the ESCRT complex in microlipophagy in response to TM- or DTT-induced ER
stress. We find that some ESCRT complexes and Vps4p are required for TM- or DTT-induced
LD autophagy. Specifically, we detect increase in the overlap coefficient of ESCRT 0 subunits
(Hse1p and Vsp27p), ESCRT I, II and III subunits (Vps23p, Vsp36p and Snf7p, respectively) and
Vps4p with the vacuolar membrane and an increase in the intensity of fluorescence of each of
the proteins studies with vacuolar membrane (Fig. 7A-C). Interestingly, we also detect subtle but
significant differences in the ESCRT function in yeast exposed to TM, DTT or lipid imbalance.
First, deletion of ESCRT I, II or III complex proteins (Vps23p, Vsp36p and Snf7p, respectively)
result in >90% inhibition of LD autophagy in DTT- or TM-treated cells. Thus, in contrast to lipid
stressed cells, where microlipophagy appears to be ESCRT and Lo microdomain dependent,
ESCRT is the major driving force for microlipophagy under conditions of chemically induced ER
stress. Second, deletion of VPS4 inhibits but does not completely abolish LD autophagy in DTTand TM-treated cells. Thus, Vps4p is critical but not essential for microlipophagy in response to
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chemically induced ER stress. Third, deletion of the ESCRT 0 protein, Vps27p completely blocks
TM-induced LD autophagy but has no obvious effect on DTT-induced LD autophagy.
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Figure 7. ESCRT components are also required for DTT- and TM- induced microlipophagy.
(A and B) Western blot autophagy assay of ESCRT mutants during DTT treatment (A) or TM
treatment (B). Left panels: Representative Western blot of Erg6p-mCherry in WT, vps27Δ,
vps23Δ, vps36Δ, snf7Δ and vps4Δ cells grown on SC, SC + 5 mM DTT or SC + 2 µg/ml TM for 8
hours grown. -mCh, free mCherry generated by vacuolar degradation of Erg6p-mCherry. TCE,
Total protein loading control. Right panels: Quantitation of vacuolar degradation of Erg6pmCherry from Western blots as in left panel. Bar graph shows average + SEM of total intensity of
free mCherry bands normalized to TCE for each lane and to WT. (n=9, 8 independent trials for
DTT and TM respectively, ***, p<0.001 by one-way ANOVA with Bonferroni’s post-hoc test for
multiple comparisons). (C and D) Left panels: Representative Western blots of Erg6p-mCherry in
WT, npc2Δncr1Δ, and snf7Δ cells grown on SC, SC + 5 mM DTT (C) or SC + 2 µg/ml TM (D) for
8 hours. Right panels: Quantitation of vacuolar degradation of Erg6p-mCherry from Western blots
as in left panels. Bar graph shows average + SEM of total intensity of free mCherry bands
normalized to TCE for each lane and to WT. (n=8, 10 independent trials for DTT and TM
respectively, *, p < 0.05; **, p<0.01; ***, p < 0.001 and ****, p < 0.0001 by one-way ANOVA with
Bonferroni’s post-hoc test for multiple comparisons). (E) Representative images of WT cells
tagged with either Hse1p-GFPEnvy, GFPEnvy-Vps27p, Vps23p-GFPEnvy, Vps36p-GFPEnvy,
Snf7p-GFPEnvy or Vps4p-3HA-GFPEnvy, and Vph1p-mCherry grown on SC, SC + 5 mM DTT
or SC + 2 µg/ml TM for 8 hours. Images are single optical sections through the middle of the cell.
Bar, 2 μm.
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Discussion
Our previous studies revealed a role for LDs in ER proteostasis in response to lipid
imbalance. Specifically, we obtained evidence that LDs serve as vehicles to remove unfolded
proteins from the ER. Here, we obtained evidence that LD-mediated ER proteostasis also occurs
in response to TM- and DTT-induced ER stress. Specifically, using mass spectroscopy to
determine the proteome of isolated LDs, we find that lipid stress, or chemically induced ER stress
results in accumulation of cytosolic and ER heat shock proteins, proteins that mediate oxidative
protein folding in the ER, as well as ER proteins in LDs. The association of ER proteins with
isolated LDs is not a consequence of ER contamination in LD preparations: our imaging studies
revealed that ER proteins that are detected in isolated LDs also co-localize and move with LDs in
living yeast cells under stress conditions studied. In addition, our finding the cytosolic heat shock
and ER proteins are recruited to LDs by each of the stressor studied reveals that unfolded or
misfolded ER proteins are present in LDs in response to all three stressors. Thus, we obtained
evidence for a role for LDs in removal of unfolded proteins from ER, not just in response to lipid
imbalance but also to ER stress induced by treatment with TM or DTT.
The proteins that are removed from ER in LDs vary according to stress conditions. Kar7p
and Sec63p, are found in LDs in all 3 stress conditions. As described above, enrichment of Kar2p
at LDs under all stress conditions studied supports that model that unfolded ER proteins that are
bound to Kar2p are removed from ER in LDs. It is not clear why Sec63p is enriched in LDs under
stress. Since Sec63p is an abundant ER membrane protein with multiple membrane spanning
domains, all three stressors may result in Sec63p misfolding. Alternatively, Kar2p also forms a
complex with Sec63p and is required for protein translocation across the Sec63p complex in ER
membranes. Therefore, recruitment of Kar2p to unfolded ER proteins in response to all 3
stressors may deplete Kar2p from the translocon and result in misfolding of Sec63p and removal
of misfolded Sec63p in LDs.

49

In contrast to Kar2p and Sec63p, which are recruited to LDs under all conditions studied,
Nup159p and Alg1p are present in LDs in DTT- and lipid-stressed cells, but not in TM-treated
cells. We find that ER is more reduced under conditions of lipid imbalance compared to the highly
oxidized ER environment found in control cells. Moreover, Alg1p and Nup159p are predicted to
contain at least one disulfide bridge (Ferre and Clote, 2006). Thus, it is possible that localization
of Alg1p to LDs in DTT- and lipid- stressed yeast is a consequence of defects in oxidative ER
protein folding under those stress conditions and removal of misfolded Alg1p and Nup159p from
ER in LDs.
Equally important, we find that LDs that are produced in response to lipid imbalance or
chemically induced ER stress are degraded by microlipophagy. Specifically, we find that LD
autophagy in response to all 3 stressors is dependent upon the vacuolar protease Pep4p and
therefore occurs in the vacuole. Moreover, the observed LD autophagy is not dependent upon
the core ATG genes, ATG8 and ATG1. Consistent with this, our ultrastructural analysis revealed
that LDs are localize to sites of invagination in vacuolar membranes and within vacuoles but not
in autophagosomes. These findings support the model that unfolded proteins that are removed
from the ER in LDs are degraded in the vacuole by microlipophagy.
Our studies also provide mechanistic insight into microlipophagy. Previous studies
revealed that uptake of LDs during nitrogen starvation- or stationary phase-induce microlipophagy
occurs at sterol-rich raft-like Lo microdomains in vacuolar membranes. We find that
microlipophagy in response to all 3 stressors studied can occur in the absence of Lo microdomain
formation. Interestingly, microlipophagy in response to lipid stress is inhibited but not completely
blocked by deletion of the Niemann Pick proteins that mediate Lo microdomain formation and
inhibited but not completely block by deletion of ESCRT proteins. Thus, lipid stress-induced
microlipophagy occurs by Lo microdomain- and ESCRT-dependent mechanisms. In contrast,
ESCRT is the main driving force for microlipophagy during TM- or DTT-induced ER stress.
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Beyond this, we find that marker proteins from ESCRT complex 0, I, II and III are recruited
to the vacuolar membrane by all 3 stressor studies. Since ESCRT is required for microlipophagy
and localizes to the membrane where LD uptake occurs, our findings support a direct role for the
ESCRT complex in the observed microlipophagy. In addition, although the ESCRT was originally
identified for its role in vacuolar protein sorting and MVB formation, it is clear that it functions at
different target membranes. For example, ESCRT complexes and Vsp4p mediate invagination
and scission at the nuclear envelope during repair of that membrane, nuclear pore protein quality
control and nuclear envelope reassembly during cell division, and at the PM during release of
exovesicles and viruses from cells, cytokinesis and PM repair (Christ et al., 2017). Recent studies
also revealed that ESCRT complexes are recruited to the vacuolar membrane where it mediates
in invagination and scission of that membrane during microautophagy during the diauxic shift or
uptake of ubiquitinated vacuolar membrane proteins in yeast (Oku et al., 2017; Zhu et al., 2017).
Although the precise function of ESCRT in microlipophagy remains to be determined, our finding
support the model that the ESCRT mediates vacuolar membrane invagination and scission to
promote uptake and LDs and their associated unfolded ER proteins during lipid stress,- DTT- and
TM-induced microlipophagy.
Finally, although ESCRT III and Vsp4p appear to be required for all ESCRT-mediated
membrane invagination and scission events studied, the mechanism for targeting of ESCRT
complexes to specific membrane varies. For example, ESCRT 0 is required to recruit ESCRT
complexes to endosomes during MVB formation. However, recruitment of ESCRT complexes to
other target membranes the nuclear envelope or plasma membrane relies on proteins other than
ESCRT 0 (Christ et al., 2017). We find that ESCRT 0 is recruited to the vacuolar membrane under
all three stressors studied and that ESCRT 0 is required for LD autophagy during lipid imbalance
and TM-induced ER stress. However, it is dispensable for LD autophagy in DTT-treated cells.
Thus, it is likely that another, as yet unidentified protein mediates recruitment of ESCRT to
vacuolar membranes in response to DTT-induced ER stress.
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Interestingly, although deletion of ESCRT I, II or III proteins blocks or severely inhibits
microlipophagy in DTT- or TM-treated cells, deletion of VPS4 results in partial loss of
microlipophagy during chemically induced ER stress. Vps4p is the only known ATPase that is
associated with ESCRT mediated membrane remodeling. Our findings raise the possibility that
there may be other proteins mediate ESCRT III remodeling and force generation during
membrane scission during microlipophagy in response to chemically induced ER stress.
Overall, our studies provide additional evidence that unfolded ER proteins are removed
from the organelle in LDs and degraded in the vacuolar by microlipophagy. Moreover, our findings
support a broader role for this ER proteostasis mechanism, it occurs during lipids stress and
during DTT- or TM-induced ER stress. Moreover, we obtained evidence for a mechanism
underlying LD uptake into the vacuole during stress-induced microlipophagy. Our studies indicate
that ESCRT-mediated vacuolar membrane invagination and scission at Ld domains is the driving
force for microlipophagy during chemically induced ER stress, and that ESCRT and Lo
microdomains contribute to microlipophagy in response to lipid stress Ongoing studies will reveal
how ER stress activates LD biogenesis and microautophagy, the mechanism for recruiting
unfolded ER proteins to LDs and ESCRT to vacuolar membranes during microlipophagy, Vsp4pindependent mechanisms for vacuolar membrane invagination and scission, and whether a
similar mechanism occurs in other eukaryotes.
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Materials and Methods
Yeast strains and growth conditions.
All strains used in this study were derived from wild-type BY4741 (MATa his3Δ1 leu2Δ0
met15Δ0 ura3Δ0) obtained from Open Biosystems (GE Dharmacon, Lafayette, CO) and are listed
in the Key Resources Table. All strains were propagated at 30°C with shaking as previously
described (Sherman, 2002). cho2Δ yeast strains were grown on liquid rich-glucose medium
(Yeast-Peptone-Dextrose, YPD) or synthetic complete (SC) medium supplemented with 1 mM
choline chloride (Sigma-Aldrich, St. Louis, MO) or on solid YPD supplemented with 4 mM choline
chloride. Acute phospholipid imbalance was induced as previously described (Vevea et al.,
2015). Briefly, cho2Δ strains were grown for 6 hours on SC + 1 mM choline chloride until mid-log
phase (OD600 0.10-0.35). After 6 hours, cho2Δ cells were washed once with choline-free SC
medium and grown for 24 hours on choline-free SC to induce acute phospholipid imbalance or on
SC + 1 mM choline chloride to maintain normal phospholipid levels. Cells grown on SC + Choline
are noted as cho2Δ+C1 while cells undergoing acute phospholipid imbalance are noted as cho2ΔC1

. For all experiments, cells were kept at mid-log phase unless otherwise noted.
ER stress was induced by treating mid-log phase cells for 8 hours with 5 mM DL-

dithiothreitol (DTT) (Sigma-Aldrich, St. Louis, MO) or 2 µg/ml tunicamycin (TM) (Sigma-Aldrich,
St. Louis, MO). Briefly, cells were grown overnight on SC until mid-log phase. The next day, cells
were diluted and grown for 8 hours on SC, SC + 5 mM DTT or SC + 2 µg/ml TM. After 8 hours,
cells were used for imaging or western blot experiments. Similar to the induction of acute lipid
imbalance, cells were always kept at mid-log phase during the induction of ER stress. For
analysis at 2-day (2D) stationary phase, cells were grown as previously described in (Wang et al.,
2014). Briefly, cells were grown overnight on SC until late mid-log phase. The next day, cells
were diluted to OD600 = 0.15 and continued to grow. When the OD600 reached ~1.7, cells were
left to grow for another 48 hours before continuing with imaging experiments.
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During strain construction, cells were grown on corresponding amino acid dropout SC media or
on YPD media with the required antibiotics (200 μg/ml G418 and 300 μg/ml Hygromycin B, SigmaAldrich, St. Louis, MO) for selection.
Yeast Strain Construction. Knockout strains were generated by swapping the loci of
interest with an auxotrophy selection marker amplified from pOM12/13 (P30387/P30388
Euroscarf) or a kanMX6 cassette from pFA6a-kanMX6 (Gauss et al., 2005; Longtine et al., 1998).
pFA6a-kanMX6 was a gift from Jurg Bahler and John Pringle (Addgene plasmid #39296; RRID:
Addgene_39296).

GFPEnvy and mCherry protein fusions were generated by tagging the

endogenous loci at the C terminus with modules amplified from pFA6a-link-GFPEnvy-SpHis5
(Slubowski et al., 2015) or pCY3090-02 (Young et al., 2012) respectively. pFA6a-link-GFPEnvySpHis5 was a gift from Linda Huang (Addgene plasmid # 60782; RRID: Addgene_60782) while
pCY 3090-02 was a gift from Anne Robinson (Addgene plasmid # 36231; RRID:
Addgene_36231).

Lhs1p-sfGFP and Kar2p-sfGFP strains were created by tagging the

corresponding genomic loci at the C terminus with sfGFP-HDEL cassette amplified from plasmid
pYM28 sfGFP-HDEL (Lajoie et al., 2012). pYM28 sfGFP-HDEL plasmid was a kind gift from Erik
L. Snapp.
The GFPEnvy-Vps27p strain was generated by swapping the endogenous ORF with a
GFPEnvy-Vps27-His3MX6 cassette. First, Vps27p was cloned in frame to the C terminus of
GFPEnvy in pFA6a-link-GFPEnvy-SpHis5 using restriction enzymes BsrGI and AscI. Later,
VPS27 was deleted from a WT strain with LEU2 as described above. Subsequently, LEU2 at the
genomic locus of VPS27 was swapped with the GFPEnvy-Vps27-His3MX6 cassette from the
newly generated plasmid pFA6a-GFPEnvy-Vps27-SpHis5. Vps4-3HA-GFPEnvy was generated
by tagging Vps4p at the C terminus with GFPEnvy and a 3HA linker in order to maintain normal
protein function (Adell et al., 2017). 3HA with SalI and PacI overhangs was cloned in frame on
the N terminus of GFPEnvy on pFA6a-link-GFPEnvy-SpHis5 to create pFA6a-3HA-GFPEnvy-
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SpHis5. Later, Vps4p was tagged at the C terminus with a 3HA-GFPEnvy-His cassette amplified
from the newly generated plasmid.
The Snf7p-LAP-GFPEnvy strain was generated by inserting an extra copy of Snf7p tagged
with LAP-GFPEnvy on a WT strain. First, GFPEnvy was swapped for eGFP using KasI and AscI
restriction enzymes on pSM57 (pFA6a-LAP-eGFP-His) (Adell et al., 2017), a kind gift from David
Teis, to generate pFA6a-LAP-GFPEnvy-His.

Using this plasmid, Snf7p was endogenously

tagged at the C terminus with LAP-GFPEnvy-His. The promoter (1000bp upstream of the ORF),
Snf7p-LAP-GFPEnvy and the terminator were amplified from the previously generated strain and
cloned into HO-poly-kanMX4-HO using BglII and SalI to generate HO-proSnf7-LAP-GFPEnvykanMX6-HO(Voth et al., 2001). Finally, the cassette proSnf7-LAP-GFPEnvy-Terminator was
inserted in the HO locus of a WT strain to generate Snf7p-LAP-GFPEnvy strain.

HO-

polyKanMX4-HO was a gift from David Stillman (Addgene plasmid #51662; RRID:
Addgene_51662).
eroGFP strains were generated by transforming either WT or cho2Δ with pPM28 (eroGFP
CEN/ARS URA3), a plasmid that expresses roGFP2-HDEL C-terminally fused to the signal
sequence of Kar2p (Merksamer et al., 2008). pPM28 was a gift from Feroz Papa (Addgene
plasmid # 20131; RRID: Addgene_20131). All primers used for deletion, tagging and plasmid
construction are listed in “Primers used in this study”. Plasmids are listed in the Key Resources
Table.
Analysis of ER redox potential
Strains transformed with pPM28 undergoing acute lipid imbalance or ER stress were
imaged with an AxioObserver.Z1 microscope equipped with a 100x/1.3 oil EC Plan-Neofluar
objective (Zeiss, Thornwood, NY) and an Orca-ER cooled CCD camera (Hamamatsu,
Bridgewater, NJ ) controlled by Zen Blue Edition (Zeiss). For validation of the probe, WT cells
transformed with pPM28 were treated with 5 mM DTT or 5 mM H2O2 for 30 min and imaged.
Oxidized and reduced channels were excited using a 405 nm LED and a 470 nm LED,
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respectively. Emission was acquired with a modified GFP filter (Zeiss filter 46 HE without
excitation filter, dichroic FT 515, emission 535/30). Z-series were acquired through the entire cell
with a z step of 0.3 μm and 1x1 binning. Images were deconvolved using a constrained iterative
restoration algorithm assuming 507 nm excitation wavelength, 100% confidence level, and 60
iterations using Volocity 6.3 (Perkin-Elmer, Waltham, MA). The reduced:oxidized ratio channel
was calculated by dividing the intensity of the reduced channel (λex=470nm, λem=525nm) by the
intensity of the oxidized channel (λex =405nm, λ em =525nm) after background subtraction and
thresholding for each channel individually.
Electron Microscopy
Mid-log cells undergoing ER stress were fixed and processed for electron microscopy as
previously described in (Perkins and McCaffery, 2007; Vevea et al., 2015). Briefly, ~ 50 OD midlog phase cells grown on SC, SC + 5 mM DTT or SC + 2 µg/ml TM for 8 hours were collected and
resuspended in fixation buffer (3% glutaraldehyde, 0.1 M Na-cacodylate pH 7.4, 5 mM CaCl2, 5
mM MgCl2, 2.5% sucrose) and incubated at room temperature (RT) for 1 hour with gentle
agitation. Cells were first washed with 100 mM cacodylate pH 7.4 and later with TDES buffer.
Cells were resuspended in TDES and incubated at RT for 10 min, washed with 1 ml 0.1 M
phosphocitrate/1

M

sorbitol

and

incubated

with

zymolyase

solution

(0.5

ml

phosphocitrate/sorbitol, 50 μl b-glucuronidase, 25 μl of 10 mg/ml zymolyase. Cultures were
incubated in this solution for 30 min at 30°C with gentle agitation. Cultures were then washed with
0.1 M cacodylate/5 mM CaCl2/1 M sorbitol and embedded in 2% low-melting agarose. Blocks
were then post fixed with 1% OsO4/1% K-ferrocyanide in 0.1M cacodylate/5mM CaCl2, pH 6.8
and incubated at RT for 30 min. Blocks were washed 4x in ddH2O and transferred to 1%
thiocarbohydrazide at RT for 5 min, then washed 4x with ddH2O. Blocks were then stained with
Kellenberger’s Uranyl Acetate overnight. Cultures were dehydrated through a graded series of
ethanol (50% to 100% on ice), and transferred to 1:1 ethanol/propylene oxide for 10 min, and
100% propylene oxide 2 x 5 min. Blocks were then transferred to 1:1 propylene oxide/Spurr resin
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for overnight incubation under vacuum. Blocks were then transferred to fresh Spurr resin for 4-6
hours before being transferred to beem capsules and polymerized in fresh Spurr resin overnight,
section, and post stained with lead and uranyl acetate.
Western blots
Western blot analysis was performed as previously described in (Vevea et al., 2015).
Briefly, 0.5 OD600 of cells were collected for each condition and resuspended in 150 μL of lysis
buffer (50 mM imidazole pH 7.4, 10 mM EDTA, 1% triton X-100, 2 mM PMSF, and protease
inhibitor cocktail: pepstatin A, chymostatin, antipain, leupeptin, aprotinin, benzamidine, and
phenanthroline). Samples were vortexed with 100 μL of glass beads for 5 min. After vortexing, 50
μL of 4x LB buffer was added and samples were boiled at 100°C for 10 min. 35 μL of protein
lysate was loaded for each condition onto a 10% SDS-PAGE gel with 0.5% 2,2,2-trichloroethanol
(TCE, Sigma-Aldrich, St. Louis, MO). Before transferring, TCE was activated by exposing the gel
to UV light (300 nm) for 2.5 min. Cross-linked proteins were detected by 2.0 sec exposure to 300
nm illumination, and used as a total protein loading control (Ladner et al., 2004). Proteins were
transferred to a PVDF (Immobilon-FL; EMD Millipore, Billerica MA). membrane. After transfer, the
PVDF membrane was rinsed with H2O and dried for 1 hour prior to blocking with 3% skim milk in
TBST for 30 min. Primary antibodies used include mouse monoclonal anti-mCherry (Abcam,
Cambridge, MA; #ab125096; 1/2000 dilution) and mouse monoclonal anti-GFP (Proteintech,
Rosemont, IL; 66002-1-Ig, 1/1000 dilution). Western blots were imaged using Luminata Forte
Western HRP substrate (EMD Millipore, Billerica, MA) and the BIORAD Chemidoc MP imaging
system (Bio-Rad, Hercules, CA).
Western Blot Analysis
Western blot images were analyzed with Image Lab v5.2.1 (Bio-Rad, Hercules, CA). Total
loading protein was quantified from the TCE images as follows. First, individual free mCherry
bans were selected and a rolling disk background subtraction was applied with disk size = 10.0
mm. Later, the complete lane for each corresponding sample in the TCE image was selected
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and was analyzed with a rolling disk background subtraction with disk size = 70.0 mm. Total
integrated intensity of free mCherry was normalized to the integrated intensity of total protein for
each corresponding lane.

Finally, for each independent experiment, all the samples were

normalized to control, either cho2Δ+C1 cells or cells grown on SC.
Lipid droplet Isolation
Lipid droplets were isolated as previously described in (Schmidt et al., 2013). Briefly, 7 L
of yeast culture was grown until mid-log phase (OD600 < 0.5) under the appropriate
conditions/treatment as mentioned above. The cells were pelleted by centrifugation (4,500 x g
for 5 min), washed with water and incubated in spheroplasting buffer A (SP-A; 0.1 M Tris/SO4, pH
9.4), 1.54 mg DTT/mL) for 10 min at 30°C with shaking. Next, cells were washed with
spheroplasting buffer B (SP-B; 1.2 M sorbitol, 20 mM KH2PO4, pH 7.4). Spheroplasts were
generated by incubating the cells with pre-warmed SP-B buffer with 0.33 mg/ml of zymolyase20T (Seikagaku Corporation, Tokyo, Japan), at a ratio of 6 mL SP-B/g cell-wet weight, for 1 hr at
30°C with shaking. Cells were concentrated by centrifugation, washed twice with cold SP-B + 2
mM PMSF and resuspended in LD-A buffer (12% Ficoll PM 400 [Sigma-Aldrich, St. Louis, MO] in
10 mM MES/Tris pH 6.9, 0.2 mM EDTA, 2 mM PMSF and protease inhibitor cocktail described
above) and homogenized using a 40 mL glass Dounce homogenizer (Wheaton, Millville, NJ) with
a loose pestle (30 strokes at 4°C).

The homogenate was diluted with 1:1 with LD-A and

centrifuged at 7,000 rpm for 5 min at 4°C. The resulting pellet was resuspended in LD-A buffer
and subjected to another round of homogenization. The supernatants from both rounds of
homogenization were subjected to another round of centrifugation as before.

The final

supernatant was transferred to a 13.2 ml ultracentrifuge tube (Ultra-Clear, Beckman-Coulter,
Indianapolis, IN), overlayered with LD-A, and subjected to ultracentrifugation at 100,000 x g for
45 min at 4°C. The crude LD (top layer) was removed and resuspended on LD-A buffer and briefly
homogenized in a small 2 ml glass Dounce homogenizer (Wheaton, Millville, NJ) with 8 strokes.
The crude LD homogenate was added to a new ultracentrifuge tube, overlayered with LD-B buffer
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(8% Ficoll PM 400, 10 mM MES/Tris pH 6.9, 0.2 mM EDTA, 2 mM PMSF and protease inhibitor
cocktail) and centrifuged again at 100,000 x g for 30 min at 4°C. The crude LD (top layer) was
removed again, resuspended on LD-B buffer and briefly homogenized in a small 2 ml glass
Dounce homogenizer with 8 strokes. The second crude LD homogenate was added to the bottom
of a new ultracentrifuge tube previously filled with LD-C buffer (0.25 M Sorbitol, 10 mM MES/Tris
pH 6.9, 0.2 mM EDTA, 2 mM PMSF and protease inhibitor cocktail) and centrifuged one more
time at 100,000 x g for 30 min at 4°C. The pure LD (top layer) fraction was removed, resuspended
on 0.5 ml of LD-C buffer and stored at -80°C.
Lipid Droplet Mass Spectrometry
Lipid droplets were concentrated by centrifuging them at 15,000 rpm at 4°C for 15 min and
removing the bottom aqueous layer. The LD were resuspended on ~ 50-100 μL of LD-C buffer
and precipitated by adding 10x volume of cold 100% acetone and incubating overnight at -80°C.
The precipitated LD proteins were pelleted by centrifugation at 15,000 rpm at 4°C for 15 min and
washed twice with 1 mL cold acetone. During the final step, the supernatant was removed and
the precipitated proteins were briefly dried at RT for 5 min. Precipitated LD proteins were
resuspended on resuspension buffer (4 M urea, 0.1 M ammonium bicarbonate, and protease
inhibitors [1 mini-Complete EDTA-free tablet]) and solubilized by sonication for 5 mins in a water
bath.

The protein homogenate was centrifuged at 14000 rpm for 5 min at 4 °C and the

supernatant was removed for subsequent analysis. 10 µg of total proteins were reduced with 5
mM DTT (56oC, 30 minutes) and alkylated with 10 mM iodoacetamide at RT for 30 min in the
dark. Excess iodoacetamide was quenched with 5 mM DTT and proteins were diluted 2-fold with
50 mM ammonium bicarbonate and digested overnight at 37 °C with trypsin added to 1:100
(w/v). The next day, the digestion was stopped by the addition of 1% TFA (final v/v), and
centrifuged at 14000 x g for 10 min at room temperature to pellet precipitated lipids. Cleared
supernatant was desalted on a SDB-RP Stage-Tip. Desalted peptides were dried down partially
(to ∼1 μL) in a SpeedVac with no heat.
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Thermo Scientific™ UltiMate™ 3000 RSLCnano system and Thermo Scientific EASY
Spray™ source with Thermo Scientific™ Acclaim™ PepMap™100 2 cm x 75 μm trap column and
Thermo Scientific™ EASY-Spray™ PepMap™ RSLC C18. 50 cm x 75 μm ID column were used
to separate desalted peptides with a 5-30% acetonitrile gradient in 0.1% formic acid over 45 min
at a flow rate of 250 nL/min. After each gradient, the column was washed with 90% buffer B for
10 min and re-equilibrated with 98% buffer A (0.1% formic acid, 100% HPLC-grade water) for
40min. Thermo Scientific™ Orbitrap Fusion™ Tribrid™ mass spectrometer was used for peptide
MS/MS analysis. Survey scans of peptide precursors were performed from 400 to 1575 m/z at
120K FWHM resolution (at 200 m/z) with a 2 x 105 ion count target and a maximum injection time
of 50 ms. The instrument was set to run in top speed mode with 3 s cycles for the survey and the
MS/MS scans. After a survey scan, tandem MS was performed on the most abundant precursors
exhibiting a charge state from 2 to 6 of greater than 5 x 103 intensity by isolating them in the
quadrupole at 1.6 Th. CID fragmentation was applied with 35% collision energy and resulting
fragments were detected using the rapid scan rate in the ion trap. The AGC target for MS/MS was
set to 1 x 104 and the maximum injection time limited to 35 ms. The dynamic exclusion was set to
45 s with a 10 ppm mass tolerance around the precursor and its isotopes. Monoisotopic precursor
selection was enabled.
Raw mass spectrometric data was analyzed using in the MaxQuant environment v.1.6.1.0
and employed Andromeda for database search at default settings with a few modifications (Cox
and Mann, 2008; Cox et al., 2011). The default was used for first search tolerance and main
search tolerance: 20 ppm and 6 ppm, respectively. MaxQuant was set up to search the reference
Saccharomyces cerevisiae (strain ATCC 204508 / S288c) proteome database downloaded from
Uniprot. MaxQuant performed the search trypsin digestion with up to 2 missed cleavages.
Peptide, Site and Protein FDR were all set to 1% with a minimum of 1 peptide needed for
Identification but 2 peptides needed to calculate a protein level ratio. The following modifications
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were used as variable modifications for identifications and included for protein quantification:
Oxidation of methionine (M), Acetylation of the protein N-terminus, Phosphorylation of serine,
threonine and tyrosine residues (STY) and Deamination for asparagine or glutamine (NQ).
Maxquant output combined folder uploaded in Scaffold (Proteome Software) for data
visualization.
Protein mass spectrometry data was further analyzed as follows. First protein peptide
counts were normalized to the total spectral count of Erg6p for each corresponding condition.
After normalization, only proteins with a normalized count of >5.0 were classified as real
detectable hits. Finally, proteins with a > 2-fold enrichment in cho2Δ-C1, DTT and TM treated cells
when compared to control cho2Δ+C1 were used for further enrichment analysis with FunSpec
(http://funspec.med.utoronto.ca/) (Robinson et al., 2002).
Fluorescence microscopy
Yeast strains were grown as detailed above and concentrated by centrifuging for 30 sec
at 6,000 rpm at RT, and 1.6 μL of cells were placed on glass slides and covered with a #1.5
coverslip. Images were acquired with an Axioskop 2 microscope equipped with a 100x/1.4 PlanApochromat objective (Zeiss) and an Orca-ER cooled CCD camera (Hammatsu) and a pE-4000
LED illumination system (coolLED, Andover, UK) controlled by NIS Elements 4.60 Lambda
software (Nikon, Melville, NY). GFP and mCherry were excited using a 470 nm LED with a
ET470/40x filter, and a 561 nm LED with a ET572/35x filter respectively (Chroma, Bellows Falls,
VT).

All channels were imaged with the microscope previously described with a dual

eGFP/mCherry cube (59222, Chroma, Bellows Falls, VT). GFP and mCherry images

were

deconvolved using a constrained iterative restoration algorithm assuming 507 nm and 610 nm
excitation wavelength, respectively, with 100% confidence limit and 60 iterations using Volocity
6.3.
Image Analysis
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All image analysis and processing were performed on Volocity 6.3 (Perkin-Elmer,
Waltham, MA) or Fiji (Schindelin et al., 2012). For visualization, all images were contrastenhanced with similar parameters in each channel.

All the analysis was performed on

deconvolved un-enhanced images.
Colocalization: Images were thresholded and colocalization between ER proteins and Lipid
droplets was quantified by measuring Manders’ overlap coefficient (R) for each cell in Volocity 6.3
(Dunn et al., 2011).
Line Profile: Deconvolved images were exported to Fiji. A single optical slice was selected and
a line was drawn traversing the region of interest. The line profile tool was used to measure the
raw fluorescent intensity across the line profile for each channel.
Integrated Intensity Measurements: Total integrated intensity for each fluorescent probe was
measured on Volocity 6.3. Briefly, objects in the corresponding channels were identified after
thresholding and appropriate size exclusion on the deconvolved images. The total integrated
intensity for each probe per cell was determined by adding the voxel values over all identified
objects in the cell.
Vacuolar ESCRT Measurement: ESCRT puncta colocalization with the vacuole was quantified
using Volocity 6.3. Briefly, objects (ESCRT and vacuole) in the corresponding channels were
identified after thresholding and appropriate size exclusion on the deconvolved images. ESCRT
objects that did not colocalize with the vacuole were excluded by applying an “object not touching”
filter. Number and total integrated fluorescence intensity of ESCRT puncta colocalizing with the
vacuole were measured.
Statistical Analysis
GraphPad Prism7 (GraphPad Software) was used to conduct all statistical analysis and
to create all graphs. All data was analyzed for normal distribution with the D’Agostino and
Pearson normality test. p values for two-group independent comparison were determined with
an unpaired two-tailed Student’s t-test for parametric distribution, and unpaired Mann-Whitney
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test for non-parametric data. For multiple group comparisons, p values were determined with a
1-way ANOVA with Bonferroni post-hoc test for parametric distributions and Kruskal-Wallis test
with Dunn’s post-hoc test for non-parametric distributions. Bar graphs show the mean and SEM,
while boxes indicate the middle quartiles with the midline representing the median; whiskers show
the 10th and 90th percentile, and red dots represent values in the top and bottom 10th percentiles.
For all tests, p values are classified as follows: *, p < 0.05; **. p < 0.01; ***, p < 0.001; ****, p <
0.0001, unless otherwise noted in the figure legends.
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Figure S1. Lipid-, TM- and DTT-induced ER stress upregulates ER chaperones during
microlipophagy. (A) Representative images of redox state of ER, visualized with eroGFP, in WT
cells grown on SC and treated for 30 minutes with 5 mM DTT or 5 mM H2O2. Reduced, oxidized
and reduced:oxidized eroGFP ratio images are shown. Color scale in bottom panel shows the
dynamic range of ratios, with warmer colors indicating a more reducing environment. Bar, 2 μm.
(B) Quantitation of reduced:oxidized eroGFP ratios in WT cells treated for 30 minutes with 5 mM
DTT or 5 mM H2O2 in Figure S1A. The box indicates the middle quartiles with the horizontal
representing the median; whiskers show the 10th and 90th percentile, and red dots represent
values in the top and bottom 10th percentiles. Representative trial from 3 independent experiments
(n= 29-49 for each condition, ****, p < 0.0001, by one-way ANOVA with Bonferroni’s post-hoc test
for multiple comparisons). (C) Representative images of Lhs1p-sfGFP in cho2Δ+C1, cho2Δ-C1
cells, and WT cells grown on SC, SC + 5 mM DTT or SC + 2 µg/ml TM for 8 hours. Images shown
are single optical sections (Mid) through the middle of the cell. Representative trial from 3
independent experiments. Bar, 2 μm. (D) Representative Western blots of Lhs1p-sfGFP and
Kar2p-sfGFP in cho2Δ+C1 and cho2Δ-C1 cells, and WT cells grown on SC, SC + 5 mM DTT or SC
+ 2 µg/ml TM for 8 hours with TCE as loading control. (E and F) Graphs showing individual values
from each independent trial of the Western blot analysis performed in Figure 1C and 1E of
vacuolar degradation of Erg6p-mCherry in WT, atg1Δ and atg8Δ cells. Horizontal bar represents
the average for each condition. Numbers above each condition represents the p value for each
pair-wise comparison with untreated WT cells. (DTT: n=8 and TM: n=9 independent trials, oneway ANOVA with Bonferroni’s post-hoc test for multiple comparisons)
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Figure S2. Some ER proteins do not colocalize with LDs during conditions of lipid stress.
(A) Representative images of cho2Δ+C1 and cho2Δ-C1 cells tagged with Tcb3p-GFPEnvy and
Erg6p-mCherry. Max, maximum projection; Mid, single optical section through the middle of the
cell. Arrowheads, LDs that do not colocalize with Tcb3p; white straight line, location of profile
shown in right panel. Bar, 2 μm. Right panel: Profile of intensity of Tcb3p-GFPEnvy and Erg6pmCherry along the white line shown in the left panel. Intensity is measured as arbitrary units
from the raw unadjusted images. (B) Quantitation of colocalization between Tcb3p-GFPEnvy and
Erg6p-mCherry using Manders’ overlap coefficient (R). The box indicates the middle quartiles
with the horizontal line representing the median; whiskers show the 10th and 90th percentile, and
red dots represent values in the top and bottom 10th percentiles. Representative trial from 3
independent experiments (n= 112-126 for each condition, ****, p < 0.0001, by unpaired two-tailed
Mann-Whitney test). (C-D) Cells tagged with Spf1p-sfGFP and Erg6p-mCherry were analyzed as
in A-B. Representative trial from 3 independent experiments (n= 66-70 for each condition, ****, p
< 0.0001, by unpaired two-tailed Mann-Whitney test). (E-F) Cells tagged with Hmg1p-GFPEnvy
and Erg6p-mCherry were analyzed as in A-B. Representative trial from 3 independent
experiments (n= 71-89 for each condition, p> 0.05, by unpaired two-tailed Mann-Whitney test).
(G-H) Cells tagged with Sac1p-GFPEnvy and Erg6p-mCherry were analyzed as in A-B.
Representative trial from 3 independent experiments (n= 75-88 for each condition, p> 0.05, by
unpaired two-tailed Mann-Whitney test). (I) Number of extranuclear Nup159p-GFPEnvy puncta
in cho2Δ+C1 and cho2Δ-C1 cells. The box indicates the middle quartiles with the horizontal line
representing the median; whiskers show the 10th and 90th percentile, and red dots represent
values in the top and bottom 10th percentiles. Representative trial from 3 independent experiments
(n= 80-92 for each condition, ****, p < 0.0001, by unpaired two-tailed Mann-Whitney test). (J)
Percentage of cells that either have extranuclear Nup159p puncta (Puncta +) or do not have them
(Puncta -) in cho2Δ+C1 and cho2Δ-C1 cells. Graph shows average + SEM from 3 independent
trials. (n> 43 cells per conditions for each independent trial. ****, p<0.0001 by one-way ANOVA
with Bonferroni’s post-hoc test for multiple comparisons). (K) Percentage of extranuclear
Nup159p puncta that colocalize with LD (LD +) or do not colocalize with LD (LD -) in cho2Δ+C1
and cho2Δ-C1 cells. Graph shows average + SEM from 3 independent trials. (n> 43 cells per
conditions for each independent trial. ***, p<0.01 by one-way ANOVA with Bonferroni’s post-hoc
test for multiple comparisons).
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Figure S3. Cytosolic chaperones and Iml2p, a protein required for clearance of inclusion
bodies in yeast, are upregulated during conditions of lipid stress. (A) Representative
images of cho2Δ+C1 and cho2Δ-C1 cells tagged with Iml2p-GFPEnvy and Erg6p-mCherry. Max,
maximum projection; Mid, single optical section through the middle of the cell; Enlarged, middle
optical section shown at higher magnification. White straight line, location of profile shown in right
panel. Bar, 2 μm. Right panel: Profile of intensity of Iml2p-GFPEnvy and Erg6p-mCherry along
the white line shown in the left panel. Intensity is measured as arbitrary units from the raw
unadjusted images. (B) Quantitation of colocalization between Iml2p-GFPEnvy and Erg6pmCherry using Manders’ overlap coefficient (R). The box indicates the middle quartiles with the
horizontal line representing the median; whiskers show the 10th and 90th percentile, and red dots
represent values in the top and bottom 10th percentiles. Representative trial from 3 independent
experiments (n= 101-126 for each condition, ****, p < 0.0001, by unpaired two-tailed MannWhitney test). (C) Left panel: Integrated fluorescence intensity of Ssa1p-GFPEnvy in cells in
cho2Δ+C1 and cho2Δ-C1 cells from Figure 3A. The box indicates the middle quartiles with the
horizontal line representing the median; whiskers show the 10th and 90th percentile, and red dots
represent values in the top and bottom 10th percentiles. Representative trial from 3 independent
experiments (n= 81-70 for each condition, ****, p < 0.0001, by unpaired two-tailed Mann-Whitney
test). Right panel: Percentage of LDs that colocalize with Ssa1p per cell in cho2Δ+C1 and cho2ΔC1
cells from Figure 3A. Graph bars represent average + SEM. Representative trial from 3
independent experiments (n= 59-70 for each condition, ****, p < 0.0001, by unpaired two-tailed
Mann-Whitney test) (D) Cells tagged with Ssa2p-GFPEnvy and Erg6p-mCherry were analyzed
as in C. Representative trial from 3 independent experiments (n>60 cellsfor each condition, ****,
p < 0.0001, by unpaired two-tailed Mann-Whitney test) (E) Cells tagged with Ssa4p-GFPEnvy
and Erg6p-mCherry were analyzed as in C. Representative trial from 3 independent experiments
(n> 50 cells for each condition, ****, p < 0.0001, by unpaired two-tailed Mann-Whitney test) (F)
Cells tagged with Hsp82p-GFPEnvy and Erg6p-mCherry were analyzed as in C. Representative
trial from 3 independent experiments (n> 60 cells for each condition, ****, p < 0.0001, by unpaired
two-tailed Mann-Whitney test) (G) Cells tagged with Iml2p-GFPEnvy and Erg6p-mCherry were
analyzed as in A-B. Representative trial from 3 independent experiments (n= 86-90 for each
condition, ****, p < 0.0001, by unpaired two-tailed Mann-Whitney test).
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Figure S4. Some ER proteins show differential recruitment by LDs during different
chemically-induced ER stress conditions. (A) Profile of intensity of Sec63p-GFPEnvy and
Erg6p-mCherry along the white line shown in Figure 4A in DTT- (left panel) and TM- (right panel)
treated cells. Intensity is measured as arbitrary units from the raw unadjusted images.
Representative trial from 3 independent experiments. (B) Cells tagged with Kar2p-sfGFP and
Erg6p-mCherry were analyzed as in A. Representative trial from 3 independent experiments. (C)
Cells tagged with Nup159p-GFPEnvy and Erg6p-mCherry were analyzed as in A. Representative
trial from 3 independent experiments. (D) Cells tagged with Alg1p-GFPEnvy and Erg6p-mCherry
were analyzed as in A. Representative trial from 3 independent experiments. (E) Number of
extranuclear Nup159p-GFPEnvy puncta in WT cells grown on SC, SC + 5 mM DTT or SC + 2
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µg/ml TM for 8 hours as in Figure 4D. The box indicates the middle quartiles with the horizontal
line representing the median; whiskers show the 10th and 90th percentile, and red dots represent
values in the top and bottom 10th percentiles. Representative trial from 3 independent experiments
(n= 80-92 for each condition, ****, p < 0.0001, by Kruskal-Wallis test with Dunn’s post-hoc test for
multiple comparisons). (F) Percentage of cells that either have extranuclear Nup159p puncta
(Puncta +) or do not have them (Puncta -) in WT cells grown on SC, SC + 5 mM DTT or SC + 2
µg/ml TM for 8 hours from Figure 4D. Graphs shows average + SEM from 3 independent trials.
(n> 43 cells per conditions for each independent trial. ****, p<0.0001 by one-way ANOVA with
Bonferroni’s post-hoc test for multiple comparisons). (G) Percentage of extranuclear Nup159p
puncta that either colocalize with LDs (LD +) or do not colocalize with LDs (LD -) in WT cells
grown on SC, SC + 5 mM DTT or SC + 2 µg/ml TM for 8 hours from Figure 4D. Graphs shows
average + SEM from 3 independent trials. (n> 43 cells per conditions for each independent trial.
***, p<0.01 by one-way ANOVA with Bonferroni’s post-hoc test for multiple comparisons).
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Figure S5. Microlipophagy can occur though Lo microdomains in a minority of cells during
lipid- and chemically- induced ER stress. (A) Representative images of vacuoles with no
domains (Ld domains) or Type I, II, or III Lo vacuolar microdomains in Vph1p-GFPEnvy-tagged
cells. A single optical section through the top of the vacuole is shown. (B) Representative images
of cho2Δ-C1 cells and WT cells tagged with Vph1p-GFPEnvy (Vph1p) and Erg6p-mCherry (LD)
showing autophagy through Lo microdomains. WT cells were grown on SC + 5 mM DTT or SC +
2 µg/ml TM for 8 hours. Mid, single optical section through the middle of the cell; Top, single
optical section across the top of the vacuole. HC indicates higher contrast enhancement used to
properly visualize the top of the vacuoles. Bar, 2 μm. (C) Percentage of cells actively undergoing
lipophagy (LD detected inside the vacuole) in cells shown in Figure 5A. ML (Mid-log) represents
WT cells grown at mid-log phase on SC. Graph shows average + SEM from 3 independent trials
with n>50 cells for each condition per trial. (Left and middle panel: ****, p < 0.0001, by unpaired
two-tailed Student’s t-test. Right panel: ****, p<0.0001, by one-way ANOVA with Bonferroni’s posthoc test for multiple comparisons). (D) Vacuole microdomains in cells actively undergoing
lipophagy. Percentage of cells with vacuoles without any domains (ND), or Type I, II, or III Lo
microdomains in cells shown in Figure 5A. Only cells actively undergoing lipophagy were
quantified. Graph shows average + SEM from 3 independent trials with n>60 cells for each
condition per trial. *, p<0.0; **, p<0.01; ****, p < 0.0001, by unpaired two-tailed Student’s t-test or
one-way ANOVA with Bonferroni’s post-hoc test for multiple comparisons) (E) Representative
images of cho2Δ+C1, cho2Δ-C1 and WT cells tagged with Vph1p-GFPEnvy. WT cells were grown
on SC, SC + 5 mM DTT or SC + 2 µg/ml TM for 8 hours. Maximum projections are shown. Bar,
2 μm. (F) Representative images of WT cells tagged with Ivy1p-GFPEnvy and Vph1pmCherry
showing distribution of Ivy1p in vacuoles with Ld domains (top 3 rows) and Lo microdomains
(bottom row). Single optical sections are shown through the middle (Mid) and top (Top) of the
vacuole. (G) Quantitation of vacuole number in cho2Δ+C1, cho2Δ-C1 and WT cells on SC, SC + 5
mM DTT or SC + 2 µg/ml TM for 8 hours; and in WT cells grown in SC to mid-log phase (ML) and
for 2 days at stationary phase (2D) as shown in Figure S5E. Representative trial from 3
independent trials. (n> 55 cells per conditions per trial. Left and middle panels: ****, p < 0.0001,
by unpaired two-tailed Mann-Whitney test. Right panel: ****, p < 0.0001, by Kruskal-Wallis test
with Dunn’s post-hoc test for multiple comparisons). (H) Quantitation of number of Ivy1p puncta
per cell in cho2Δ+C1, cho2Δ-C1 and WT cells on SC, SC + 5 mM DTT or SC + 2 µg/ml TM for 8
hours; and in WT cells grown in SC to mid-log phase (ML) and for 2 days at stationary phase (2D)
as shown in Figure 5C. Representative trial from 3 independent trials. (n> 40 cells per conditions
per trial. Left and middle panels: ****, p < 0.0001, by unpaired two-tailed Mann-Whitney test. Right
panel: ****, p < 0.0001, by Kruskal-Wallis test with Dunn’s post-hoc test for multiple comparisons).
(I) Representative images of cho2Δ-C1 cells and WT cells tagged with Ivy1p-GFPEnvy and Vph1pmCherry showing vacuoles with Lo microdomains. WT cells were grown on SC + 5 mM DTT or
SC + 2 µg/ml TM for 8 hours. Mid, single optical section through the middle of the cell; Top, single
optical section across the top of the vacuole. HC indicates higher contrast enhancement used to
properly visualize the top of the vacuoles. Bar, 2 μm.
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Figure S6. ESCRT components are upregulated and recruited to the vacuole under
conditions of lipid stress. (A) Number of ESCRT puncta that colocalize with vacuoles in
cho2Δ+C1 and cho2Δ-C1 cells tagged with either Hse1p-GFPEnvy, GFPEnvy-Vps27p, Vps23pGFPEnvy, Vps36p-GFPEnvy, Snf7p-GFPEnvy or Vps4p-3HA-GFPEnvy, and Vph1p-mCherry as
in Figure 6D. Representative trial from 3 independent experiments. (n > 60 cells for each
condition for each trial. ***, p < 0.001; ****, p < 0.0001, by unpaired two-tailed Mann-Whitney test).
(B) Integrated fluorescence intensity of ESCRT puncta that colocalize to the vacuoles in cho2Δ+C1
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and cho2Δ-C1 cells from Figure 6D. Representative trial from 3 independent experiments. (n > 40
for each condition for each trial. *, p < 0.05; ***, p < 0.001; ****, p < 0.0001, by unpaired two-tailed
Mann-Whitney test). (C) Graph showing individual values for each independent trial used in the
Western blot analysis performed in Figure 6A of vacuolar degradation of Erg6p-mCherry in cho2Δ,
vps27Δcho2Δ, vps23Δcho2Δ, vps36Δcho2Δ, snf7Δcho2Δ and vps4Δcho2Δ cells grown with or
without 1 mM choline (Cho) for 24 hours. Horizontal bar represents the average for each condition.
(n=8 cells independent trials, statistics shown represent one-way ANOVA with Bonferroni’s posthoc test for multiple comparisons). (D) Graph showing individual values for each independent trial
used in the Western blot analysis performed in Figure 6B of vacuolar degradation of Erg6pmCherry in cho2Δ, npc2Δncr1Δcho2Δ, snf7Δcho2Δ, and npc2Δncr1Δsnf7ΔΔcho2Δ cells grown
with or without 1 mM choline (Cho) for 24 hours. Horizontal bar represents the average for each
condition. (n=15 independent trials, statistics shown represent one-way ANOVA with Bonferroni’s
post-hoc test for multiple comparisons). (E) Quantitation of Npc2p localization in vacuoles from
images in Figure 6C. Graph shows average + SEM of the total percentage of vacuoles that show
a Npc2p inside the vacuole (vacuolar), at the rim, in puncta, or absent from each vacuole. (n=3,
by one-way ANOVA with Bonferroni’s post-hoc test for multiple comparisons). (F) Quantitation of
Ncr1p localization in vacuoles from images in Figure 6C. Graph shows average + SEM of the
total percentage of vacuoles that show a Ncr1p at the rim, in puncta, or absent from each vacuole.
(n=3, statistics shown represent one-way ANOVA with Bonferroni’s post-hoc test for multiple
comparisons).
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Figure S7. ESCRT components are also upregulated and recruited to the vacuole under
conditions of chemically-induced ER stress. (A) Number of ESCRT puncta that colocalize with
vacuoles in WT cells tagged with either Hse1p-GFPEnvy, GFPEnvy-Vps27p, Vps23p-GFPEnvy,
Vps36p-GFPEnvy, Snf7p-GFPEnvy or Vps4p-3HA-GFPEnvy, and Vph1p-mCherry grown on SC,
SC + 5 mM DTT or SC + 2 µg/ml TM for 8 hours as in Figure 6E. Representative trial from 3
independent experiments. (n > 60 cells for each condition for each trial. ****, p < 0.0001, by
Kruskal-Wallis test with Dunn’s post-hoc test for multiple comparisons). (B) Integrated
fluorescence intensity measurement of ESCRT puncta that colocalize to the vacuoles as shown
in A. Representative trial from 3 independent experiments. (n > 40 for each condition for each
trial. **, p < 0.01; ***, ****, p < 0.0001, by Kruskal-Wallis test with Dunn’s post-hoc test for multiple
comparisons). (C and E) Graph showing individual values for each independent trial used in the
Western blot analysis performed in Figure 7A and 7B of vacuolar degradation of Erg6p-mCherry
in WT, vps27Δ, vps23Δ, vps36Δ, snf7Δ and vps4Δ cells grown on SC, SC + 5 mM DTT (C) or SC
+ 2 µg/ml TM (E) for 8 hours. Horizontal bar represents the average for each condition. (n=9, 8
for DTT and TM respectively, statistics shown represent one-way ANOVA with Bonferroni’s posthoc test for multiple comparisons). (D and F) Graph showing individual values for each
independent trial used in the Western blot analysis performed in Figure 7C-7D of vacuolar
degradation of Erg6p-mCherry in WT, npc2Δncr1Δ, and snf7Δ cells grown on SC, SC + 5 mM
DTT (D) or SC + 2 µg/ml TM (F) for 8 hours. Horizontal bar represents the average for each
condition. (n=8, 10 independent trials for DTT and TM respectively, statistics shown represent
one-way ANOVA with Bonferroni’s post-hoc test for multiple comparisons).
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Protein of unknown function;
ORF exhibits genomic
organization compatible with a
translational readthroughdependent mode of expression;
null mutant displays increased
translation rate and increased
readthrough of premature stop
codons; BSC2 has a paralog,
IRC23, that arose from the whole
genome duplication
Squalene epoxidase; catalyzes
the epoxidation of squalene to
2,3-oxidosqualene; plays an
essential role in the ergosterolbiosynthesis pathway and is the
specific target of the antifungal
drug terbinafine; human SQLE
functionally complements the
lethality of the erg1 null mutation
Lanosterol synthase; an
essential enzyme that catalyzes
the cyclization of squalene 2,3epoxide, a step in ergosterol
biosynthesis; human LSS
functionally complements the
lethality of the erg7 null mutation
Steryl ester hydrolase; one of
three gene products (Yeh1p,
Yeh2p, Tgl1p) responsible for
steryl ester hydrolase activity
and involved in sterol
homeostasis; localized to lipid
particle membranes
Protein of unknown function that
localizes to lipid particles;
localization suggests a role in
lipid metabolism; expression
pattern suggests a role in
respiratory growth;
computational analysis of largescale protein-protein interaction
data suggests a role in ATP/ADP
exchange
Multifunctional
lipase/hydrolase/phospholipase;
triacylglycerol lipase, steryl ester
hydrolase, and Ca2+independent phospholipase A2;
catalyzes acyl-CoA dependent
acylation of LPA to PA; required
with Tgl3p for timely bud
formation; phosphorylated and
activated by Cdc28p; TGL4 has
a paralog, TGL5, that arose from
the whole genome duplication
Steryl ester hydrolase; one of
three gene products (Yeh1p,
Yeh2p, Tgl1p) responsible for
steryl ester hydrolase activity
and involved in sterol
homeostasis; localized to lipid
particle membranes; YEH1 has a
paralog, YEH2, that arose from
the whole genome duplication
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3-keto sterol reductase;
catalyzes the last of three steps
required to remove two C-4
methyl groups from an
intermediate in ergosterol
biosynthesis; mutants are sterol
auxotrophs; mutation is
functionally complemented by
human HSD17B7
Delta(24)-sterol Cmethyltransferase; converts
zymosterol to fecosterol in the
ergosterol biosynthetic pathway
by methylating position C-24;
localized to lipid particles, the
plasma membrane-associated
endoplasmic reticulum, and the
mitochondrial outer membrane
Dehydrogenase involved in
ubiquinone and sphingolipid
metabolism; oxidizes 4hydroxybenzaldehyde into 4hydroxybenzoic acid in
ubiquinone biosynthesis;
converts hexadecenal to
hexadecenoic acid in
sphingosine 1-phosphate
breakdown pathway; located in
the mitochondrial outer
membrane and also in lipid
particles; human homolog
ALDH3A2, a fatty aldehyde
dehydrogenase (FALDH)
mutated in neurocutaneous
disorder Sjogren-Larsson
syndrome, can complement
yeast hfd1 mutant
Protein of unknown function with
possible role in spore wall
assembly; predicted to contain
an N-terminal transmembrane
domain; osw5 null mutant spores
exhibit increased spore wall
permeability and sensitivity to
beta-glucanase digestion
Long chain fatty acyl-CoA
synthetase; activates fatty acids
with a preference for C12:0C16:0 chain lengths; role in the
competitive import of long-chain
fatty acids and sphingoid longchain bases; role in stationary
phase survival; localizes to lipid
particles and the plasma
membrane; role in sphingolipidto-glycerolipid metabolism; forms
cytoplasmic foci upon replication
stress; faa1 faa4 double null
complemented by any of human
ACSBG1, ACSL1, 3, 4, 5, 6,
SLC27A2, or 4
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Bifunctional triacylglycerol lipase
and LPE acyltransferase; major
lipid particle-localized
triacylglycerol (TAG) lipase;
catalyzes acylation of
lysophosphatidylethanolamine
(LPE), a function which is
essential for sporulation; protein
level and stability of Tgl3p are
markedly reduced in the
absence of lipid droplets;
required with Tgl4p for timely
bud formation
Phosphatidylinositol transfer
protein (PITP); controlled by the
multiple drug resistance
regulator Pdr1p; localizes to lipid
particles and microsomes;
controls levels of various lipids,
may regulate lipid synthesis;
homologous to Pdr17p; protein
abundance increases in
response to DNA replication
stress
Protein involved in spore wall
assembly; shares similarity with
Lds1p and Lds2p and a strain
mutant for all 3 genes exhibits
reduced dityrosine fluorescence
relative to the single mutants;
identified in a screen for mutants
with increased levels of rDNA
transcription; green fluorescent
protein (GFP)-fusion protein
localizes to lipid particles; protein
abundance increases in
response to DNA replication
stress
Bifunctional triacylglycerol lipase
and LPA acyltransferase; lipid
particle-localized triacylglycerol
(TAG) lipase involved in
triacylglycerol mobilization;
catalyzes acylation of
lysophosphatidic acid (LPA);
potential Cdc28p substrate;
TGL5 has a paralog, TGL4, that
arose from the whole genome
duplication
Protein proposed to be involved
in vacuolar functions; mutant
shows defect in CPY processing
and defects in vacuolar
morphology; has similarity to
oxidoreductases, found in lipid
particles; required for replication
of Brome mosaic virus in S.
cerevisiae, a model system for
studying replication of positivestrand RNA viruses in their
natural hosts
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0.00
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Plasma membrane t-SNARE;
involved in fusion of secretory
vesicles at the plasma
membrane and in vesicle fusion
during sporulation; forms a
complex with Sec9p that binds vSNARE Snc2p; syntaxin
homolog; functionally redundant
with Sso2p; SSO1 has a
paralog, SSO2, that arose from
the whole genome duplication

Table S1. Mass Spectrometry Analysis of LD proteins during lipid-, DTT, and TM- induced
ER stress.

84

Chapter 3

Role of RyR dysfunction and ER stress in the development of a novel congenital
muscular dystrophy due to phospholipid imbalance

85

Abstract
Recently, a novel form of Congenital Muscular Dystrophy (CMD) was identified in which
the dystrophic muscle is characterized by abnormally distributed mitochondria. This new
autosomal recessive CMD is caused by a mutation of choline kinase beta (CHKB), the first
enzyme in the de novo phosphatidylcholine (PC) biosynthesis pathway and causes phospholipid
imbalance in cell membranes. While CMDs are normally characterized by neonatal or early
infancy onset of muscle weakness, hypotonia, loss of spontaneous motor movement, and
progressive muscular atrophy, CHKB CMD patients also experience severe cognitive and
intellectual impairment. Many CHKB CMD patients never acquire meaningful language and can
die as early as 2 years of age from cardiomyopathy. Currently, no progress has been made in
developing successful therapeutic treatments to cure or ease the severe morbidity associated
with CHKB CMD and many other CMDs.
Our preliminary data shows that mitochondria are not the only organelles affected in CHKB
CMD. We find that disruption of the structure and morphology of the sarcoplasmic reticulum (SR)
and triads are defining characteristic of CHKB CMD. Along with SR morphology defects, we also
detect a dysfunction of the Ryanodine Receptor (RyR), the Ca2+ channels responsible for initiating
muscle contraction. Specifically, we observe abnormal RyR morphology and increased
associated of RyRs with lipid droplets (LD) in muscle fibers from a CHKB CMD patient. We also
find that short-term inhibition of CHKB in C2C12 myotubes leads to RyR leakage. Finally, we
detect ER stress and pronounced UPR activation in rmd mice, a mouse model of CHKB CMD.
Given these results, we propose that inhibition of PC biosynthesis leads to phospholipid
imbalance in the SR, which in turn, causes RyR leakage and ER stress which lead to
mitochondrial dysfunction and dystrophy in CHKB CMD.
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Introduction
CMDs encompass a heterogeneous group of genetic neuromuscular disorders that initially
manifest as neonatal or early infancy muscle weakness with decreased spontaneous movements
(Sparks and Escolar, 2011). Affected infants also develop complications including muscle wasting
and hypotonia, joint rigidity, and delayed or cessation of gross motor development. Historically,
CMDs have been classified into two categories according to the presence or absence of merosin,
a basement membrane component of striated muscle (Gilbreath et al., 2014). The classical
merosin-deficient CMD is a severe form that is associated with mutations in laminin α2, and
usually does not affect the central nervous system. Many CMDs, however, are merosin-positive
and are caused by genetic mutations that have not been identified. Indeed, the targets for
mutation in roughly 50-75% of CMDs have not been identified (Mercuri and Muntoni, 2012; Sparks
and Escolar, 2011). What is even more troubling is that limited progress has been made in
understanding the mechanisms behind disease progression for CMDs where the site of mutation
are know or in developing successful therapeutic treatments to ease the severe morbidity
associated with these diseases
Recently, a novel autosomal recessive CMD was identified in a cohort of patients from
Japan (Nishino et al., 1998). These patients exhibited severe muscle weakness and hypotonia
at early infancy with gross pathological dystrophic changes in their muscles. However, unlike with
other CMDs, this cohort of patients also suffered from severe cognitive impairment, cardiac
problems and none of them had any mutations in known CMD genes. Later studies in mice and
humans showed that this new CMD was caused by a mutation in CHKB, the enzyme that
catalyzes the initial step in de novo phosphatidylcholine (PC) biosynthesis (Mitsuhashi et al.,
2011b; Sher et al., 2006).
Furthermore, this novel CMD, now named CHKB CMD, showed a pronounced defect in
mitochondrial distribution and morphology. Mitochondria from CHKB CMD skeletal muscle are
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abnormally enlarged and mislocalized from the center of the muscle fiber to the periphery
(Mitsuhashi et al., 2011b). Interestingly, the histological findings of central or multiple cores in
CHKB CMD myofibers are reminiscent of those found in Central Core Disease (CCD) and Multimini Core Disease (MmD), two diseases caused by RyR mutations which results in RyR leakage
that present with the same symptoms as CHKB CMD (Quane et al., 1993; Wu et al., 2006).
Although mitochondrial function is not significantly compromised in many CHKB CMD patients,
dystrophy, fibrosis, and necrosis occur primarily in fibers that show the greatest degree of defect
in mitochondrial distribution and morphology (Mitsuhashi et al., 2011a). Therefore, there is a
correlation between CHKB CMD and defects in mitochondrial distribution.
Previous studies in our lab have shown that acute inhibition of PC biosynthesis in yeast
leads to a severe disruption of mitochondrial morphology and distribution (Vevea et al., 2015).
Furthermore, this form of phospholipid imbalance not only affects mitochondria morphology, but
also affects ER morphology and function.

As shown before on Chapter II, this form of

phospholipid imbalance in yeast also leads to severe ER stress, protein misfolding and
subsequent removal of unfolded ER proteins by LDs. Interestingly, CHKB CMD patients and rmd
mice show similar disruption of PC:PE levels as in yeast during acute lipid imbalance. Therefore,
acute disruption of ER morphology and functions could also play a significant role in the
pathogenesis of CHKB CMD.
In this study, we provide evidence that RyR dysfunction and ER stress due to phospholipid
imbalance could lead to mitochondrial abnormalities and dysfunction seen in CHKB CMD and
rmd mice. More specifically, we find that decreased PC:PE levels in humans and mice leads to
abnormal SR and RyR cluster morphology and severe dysfunction of triads in muscles. We also
find that pharmacological inhibition of CHKB in C2C12 cell lines leads to RyR calcium leakage.
Furthermore, we find that phospholipid imbalance in CHKB CMD and rmd mice leads to persistent
ER stress and UPR activation, which is known to result in calcium leakage from the SR and
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mitochondrial dysfunction. Finally, we find that lipid droplets are elevated and RyRs are recruited
to LDs in muscle fibers from a CHKB CMD paitent and the rmd mouse model for the disease.
Given our results in Chapter II, this evidence supports a model where LDs remove excess lipids
and damaged proteins from the ER during conditions of lipid imbalance not just in yeast but in
skeletal muscle and that this process may contribute to ER proteostasis in CHKB CMD.
Though the mutation that causes CHKB CMD has been identified, little is known about
how CHKB deficiency results in mitochondrial abnormalities and muscular dystrophy. In this
study, we provide the first evidence for a possible mechanism for CHKB CMD whereby
phospholipid imbalance results in mitochondrial Ca2+ overload and dysfunction as a result of RyR
leakage, and ER/SR stress.
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Results and Discussion
Choline kinase inhibition in differentiated C2C12 myotubes results in RyR leakage.
Previous studies revealed that there is a decrease in PC and an increase in
phosphatidylethanolamine (PE) in CHKB CMD patients and rmd mice, the mouse model for the
disease (Mitsuhashi et al., 2011b; Wu et al., 2009). Disruption of PC/PE ratio can affect the
function of integral membrane proteins (Freedman et al., 1999; Khalifat et al.). In particular, ion
channels have been shown to be extremely sensitive to the disruptive mechanical forces
generated by phospholipid imbalance (Catterall, 2010; Lundbæk et al., 2010; Rusinova et al.,
2014; Schmidt and MacKinnon, 2008). Given these results, we decided to investigate whether
SR protein function are also disrupted by lipid imbalance. More specifically, we tested whether
RyR function is disrupted by abnormal PC/PE ratio due to CHKB inhibition.
RyRs are Ca2+ channels whose main function is to release Ca2+ from the SR to the cytosol
during excitation-contraction coupling (ECC). There are three isoforms of RyRs; RyR1 in skeletal
muscle, RyR2 in myocardium, and RyR3 primarily in the brain. Skeletal muscle RyR1 is responsible
for initiating sarcomere contraction by releasing Ca2+ after physical activation by L-type
Dihydropyridine receptors. Since RyRs are one of the largest (>3,000 kD) and most complex
membrane proteins in the SR, its function might be easily disrupted by phospholipid imbalance.
An indicator of RyR dysfunction is Ca2+ sparks. Ca2+ sparks are transient Ca2+ currents
that escape the SR due to abnormal RyR opening and/or gating in skeletal and cardiac muscle
(Cheng et al., 1993). This type of calcium transient is drastically increased in skeletal and cardiac
muscle from patients with several muscular dystrophies and cardiomyopathies (Bellinger et al.,
2009; Lehnart et al., 2008). Furthermore, Ca2+ overload of mitochondria due to RyR leakage has
also been shown to decrease mitochondrial membrane potential (∆ψ) and promote mitochondrial
ROS production (Andersson et al., 2011; Zalk et al., 2007). In fact, mutations in a regulatory
subunit of a mitochondrial Ca2+ channel which leads to mitochondrial Ca2+overload, results in the
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same symptoms as CHKB CMD (Logan et al., 2014). Therefore, since RyR isoforms are
expressed in skeletal muscle, heart and the CNS, it is possible that phospholipid imbalance
induced dysfunction of RyR1, RyR2 and RyR3 may lead to muscular dystrophy, cardiomyopathy
and severe cognitive impairment in CHKB CMD.
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Figure 1. Inhibition of PC biosynthesis induces RyR calcium leakage in differentiated
C2C12 cells. (A) C2C12 myotubes incubated with Fluo-4AM, a fluorescent calcium sensor.
(B) Kymograph from line scans of differentiated C2C12 myotubes loaded with Fluo-4AM and
incubated for 2 hours with DMSO or 25 μM CK37. (C) Top Panel: Quantitation of number of
calcium sparks as shown in B. Bottom Panel: Quantitation of calcium sparks amplitude.
Representative from 1 trial. (n=5 cells measured, **, p < 0.01 with unpaired two-tailed student’s
t test).

In order to determine whether phospholipid imbalance can directly disrupt function of
RyRs, we tested the effect of acute inhibition of choline kinase on differentiated C2C12 myotubes,
a muscle cell line that shows DHPR-RyR dependent excitation contraction coupling (Gyorke and
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Gyorke, 1996). C2C12 myoblasts were differentiated into myotubes and treated with CK-37, a
competitive inhibitor of choline kinase alpha that reduces the steady state levels of PC in HeLa
cells (Clem et al., 2011). Short-term treatment of C2C12 myotubes for 2 hours with CK37
produced a lipid imbalance similar to that observed in rmd mice but had no obvious effect on
mitochondrial morphology or membrane potential (data not shown). Furthermore, we find that
short-term inhibition of PC biosynthesis in C2C12 myotubes increases RyR leakage. Specifically,
untreated C2C12 myotubes showed Ca2+ sparks with numbers similar to those reported in
previous studies. In contrast, CK-37 treated myotubes showed a 3-fold increase of Ca2+ sparks
frequency with no obvious changes in the amplitude of those sparks (Figure 1) (Lorenzon et al.,
1997). Therefore, acute inhibition of PC biosynthesis and the associated lipid imbalance is
sufficient to induce calcium leakage from RyRs.
Although the mechanism whereby defects in PC biosynthesis results in RyR leakage is
not well understood, abnormal PC/PE ratio can affect integral membrane proteins through effects
on the basic properties of biological membrane. PC has a cylindrical shape while PE has a conical
shape; therefore, decreasing PC and increasing PE induces a negative curvature of the
membrane that stresses transmembrane proteins (van den Brink-van der Laan et al., 2004).
Furthermore, PE is also smaller than PC and high abundance of this phospholipid decreases the
thickness of membranes (Andersen and Koeppe, 2007). Reduction in membrane thickness can
expose hydrophobic core components of transmembrane proteins to the hydrophilic cellular
milieu, thus forcing membrane ion channels like RyRs to change their conformation to reduce
their hydrophobic core area to match the new thickness of the membrane. PC/PE imbalance can
also disrupt lipid-protein and protein-protein interactions vital to integral membrane protein
function. Finally, since the ER/SR is one site for the conversion of PE to PC, ER proteins like
RyR may be particularly sensitive to defects in PC biosynthesis.

CHKB CMD patients and rmd mice have abnormal SR and RyR distribution
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Our previous results in yeast show that the lipid imbalance produced by inhibition of PC
biosynthesis leads to a disruption of ER morphology and ER stress (Vevea et al., 2015). Given
these results, we tested whether lipid imbalance in CHKB CMD could disrupt SR morphology and
function. More specifically, we studied RyR morphology and localization in skeletal muscle from
rmd mice and a CHKB CMD patient using Structured Illumination Microscopy (SIM). SIM is a
super-resolution technique results in a 2-fold increase in lateral and axial resolution compared to
conventional light microscopy and can be used to visualized most widely used fluorophores
(Pullman et al., 2016).

Control

CHKB CMD Patient

Figure 2. Mutation of CHKB in human skeletal muscle
disrupts SR and RyRs. Muscle sections of gastrocnemius
muscle sample from 23 year-old female CHKB CMD patient and
muscle sample from 41 year-old unaffected male stained with
antibodies that recognize RyR and visualized with SIM imaging.
Scale Bar 2 μm.

We obtained the evidence that RyRs localizes to spherical punctate structures of uniform
intensity that are arranged in a polygonal pattern in gastrocnemius muscle from control mice
(Figure 2). This polygonal arrangement is reminiscent of the polygonal structures of T-tubules
detected by EM of skeletal muscle (Appelt et al., 1989). More importantly, we also detect
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significant differences in the morphology and distribution of RyRs in gastrocnemious muscle fibers
from 55-day old rmd mice. The majority of the RyR-containing structures in rmd mice are of
irregular shape with variable intensity and apparently random distribution (Figure 2). This
localization is clearly distinct from the uniform RyR clusters arranged in a polygonal pattern in
control muscle.

littermate

rmd

Figure 3. Deletion of CHKB in mice recreates SR and RyR
abnormalities seen in CHKB CMD.
IHF staining and
visualization of sections from gastrocnemius muscle from a 55
day-old rmd mice and an age-matched control littermate was
carried out as for Fig. 2. Scale Bar 2 μm.
We obtained similar defects in RyRs in skeletal muscle tissue of a CHKB CMD patient.
The patient is a Japanese woman who carries complex heterozygous mutations in CHKB and
was 28 years old at the last follow-up. She was floppy at birth, experienced developmental delays,
severe learning disabilities and seizures, and has muscle pathologies including necrotic fibers,
regenerative fibers, endomysial fibrosis and enlarged mitochondria. Similar to the rmd mice,
CHKB CMD patients show disrupted morphology and abnormal distribution of RyR clusters along
the T-tubules (Figure 3).

94

Figure 4. Triads are not detectable in skeletal muscle of 4-week old rmd mice.
Transmission electron micrographs of gastrocnemius muscle from unaffected littermates (-/-)
(left), rmd mice (center) and rmd mice expressing a CHKB transgene (right). Low (upper
panels) and high (lower panels) magnification images are provided. Yellow arrows point to
abnormal membrane-bound structures that are present at the A-I junction in rmd mice.
The RyR1 clusters present in wild type skeletal muscle are similar to those observed in
cardiac muscle by super-resolution imaging (Jayasinghe et al., 2018; Walker et al., 2015; Yin and
Lai, 2000). This clustering of RyR1 observed in our study, as well as those observed for RyR2 in
other studies, corresponds with physical interactions previously described in isolated and in vitro
reconstituted RyR1 and RyR2 channels (Lehnart et al., 2003). These RyR clusters exhibit coupled
gating properties and may represent another form of RyR gating control essential for the normal
function of RyRs during ECC (Marx et al., 2001). Thus, the failure to organize RyRs in uniform
punctate structures in skeletal muscle of rmd mice and CHKB CMD patients may reflect defects
in RyR assembly, which may be a consequence of phospholipid imbalance and the cause of RyR
dysfunction.
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CHKB mutation affects the morphology and organization of the skeletal muscle triad
Under normal conditions, RyRs are localized at triads, central T-tubules (T-T) associated
with two SR-derived terminal cisternae that are essential for ECC. However, SIM imaging of rmd
and CHKB CMD skeletal muscle revealed abnormal RyR cluster morphology. Thus, triad
morphology might also be disrupted as a result of phospholipid imbalance and could contribute
to the pathophysiology of CHKB CMD. To test this hypothesis, we performed transmission
electron microscopy (TEM) of gastrocnemius muscle from rmd mice and control littermate.
Triads are readily detected adjacent to mitochondria in the junction between A and I bands
in the sarcomere in the gastrocnemius muscle of 4-week-old unaffected littermates (+/+) (Figure
4) (Frontera and Ochala, 2015).

Sarcomere structure is not severely compromised in the

gastrocnemius muscle of 4-week-old rmd mice, as previously described (Sher et al., 2006).
However, mutation of CHKB results in increased spacing between sarcomeres within myofibrils,
depletion of mitochondria at the A-I junction, and accumulation of abnormal large spherical
mitochondria. Beyond this, we do not detect any structures that resemble wild-type muscle triads
in rmd mice. Instead, we detect abnormal vesicles (yellow arrows) at the A-I junction, where triads
are normally found. Finally, we found that expression of wild-type CHKB in rmd mice under control
of the titin promoter (rmd + CHKB transgene) rescued all defects observed including restoration
of the normal localization and morphology of the skeletal muscle triad. Thus, the defects observed
in the rmd mouse are due to deletion of CHKB.
Triads are the sites of ECC (Santulli et al., 2017). RyRs are also enriched as clusters in
terminal cisternae within skeletal muscle triads, as shown in Figure 1 and 2. Thus, our finding that
triad organization is compromised in rmd mice provides additional evidence that mutation of
CHKB results in defects in RyRs. Moreover, since triad defects are observed at 4 weeks of age,
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defects in triads and their associated RyRs are early events associated with CHKB CMD.
Recent studies into the molecular structure of RyR channels have shown the increased
complexity of RyR structure and function (des Georges et al., 2016; Peng et al., 2016; Zalk et al.,
2015). Its proper function depends on the concerted movement and coordination of a massive
disordered cytosolic shell and the stability of a rigid core (des Georges et al., 2016). It is this
cytosolic shell that interacts with DHPR at the triads that are essential for the correct functioning
of RyR (Hernández-Ochoa et al., 2016). Therefore, it is highly likely that the triad disruption seen
Figure 3 affects the normal interaction between the T tubules and RyR. Furthermore, while the
cytosolic shell exhibits massive conformational changes during channel activation, the core only
displays minimal movement (des Georges et al., 2016). Since the rigidity of the core seems to
be essential for the correct functioning of RyR, disrupted SR membrane might destabilize the RyR
core and further disrupt its function.
CHKB deficiency leads to a decrease in RyR and Calsequestrin steady state levels in
skeletal muscle from rmd mice.
Given the severe disruption of triads and SR membrane in skeletal muscle of rmd mice
and CHKB CMD patients, it is possible that the steady state levels of RyR and other SR proteins
might be downregulated as a result of lipid imbalance. Therefore, we used western blot analysis
to study the steady state levels of RyR1, calstabin1 (aka FKBP12, a cytosolic protein that binds to
and stabilizes RyR1) (Santulli et al., 2017), and Calsequestrin (CSQ, a calcium binding protein in
the SR lumen) during early stages of disease progression in the rmd mouse model for CHKB
CMD (Figures 5-7). We first evaluated the steady state levels of RyR1 and calstabin1 relative to
the cytosolic marker protein GAPDH from gastrocnemius muscle obtained from rmd and control
littermate mice at 3, 5 and 8 weeks of age.
Interestingly, we find that the steady-state levels of RyR1 and calstabin1 are significantly
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increased at 3 and 5 weeks of age in rmd mice compared to control littermates. Thus, we find
elevated levels of RyR1 and its binding partner calstabin, are the earliest changes observed
during disease progression in the mouse model for CHKB CMD. In addition, at 8 weeks of age,
there is a significant decrease in steady state levels of RyR1 while calstabin1 levels remain
elevated (Figure 5). This drastic decrease of RyR1 levels coincide with the stage at which rmd
mice show pronounced movement defects and experience significant muscle loss. The observed
loss of RyR1 but not calstabin1 may be a consequence of preferential damage to and elimination
of RyR1 (and possibly other integral ER membrane proteins) in response to lipid stress. Given
that RyR1 is one of the largest transmembrane ion channels in the SR, and calstabin is only a
peripherally associated protein, these finding are consistent with our hypothesis that phospholipid
imbalance can preferentially disrupt the function of integral transmembrane proteins like RyR1.
Finally, we find that calstabin1 co-immunoprecipitates with RyR1 in skeletal muscle from rmd mice,
indicating that RyR1 in mutant mice retains some of its calstabin1 binding activity (Figure 6).
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Figure 5. Changes in RyR1 and Calstabin1
steady state levels in rmd mice. Top Panel:
Western blot of RyR1, calstabin1 and GAPDH
from gastrocnemius muscle from WT and rmd
mice at 3, 5 and 8 weeks of age. Bottom
Panel: Quantitation of western blot in Top
Panel.

Figure 6. RyR1 retains some calstabin
binding activity in rmd mice. (A) Western blot
of
whole-cell
extracts
(input)
and
immunoprecipitated RyR1 (IP) decorated with
antibodies against RyR1, calstabin or actin.
We also evaluated the steady state levels of Calsequestrin (CSQ) as a result of disease
progression. CSQ is calcium binding protein in the SR that serves as a calcium buffer (Beard et
al., 2004; Rossi and Dirksen, 2006). It can bind RyRs and has emerged as a significant regulator
of RyR function (Beard et al., 2004). We assessed CSQ steady state levels normalized to GAPDH
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levels from gastrocnemius muscle obtained from rmd and control littermate mice at 3, 4, 5, 6 and
8 weeks of age. Initially, we find that CSQ is mildly increased when compared to control
littermates (Figure 7). However, CSQ levels steadily decrease until they reach ~ 60% of WT
levels at 8 weeks of age, when rmd mice show significant signs of dystrophy.

Figure 7. Calsequestrin levels decrease in
rmd mice. Top Panel: Western blot of
Calsequestrin (CSQ) and GAPDH from 3-, 4-,
5-, 6- and 8-weeks old gastrocnemius muscle
from WT and rmd mice. Bottom Panel:
Quantitation of western blot in Top Panel.

Interestingly, CSQ levels are reduced in mdx mice, a mouse model for Duchenne
Muscular Dystrophy (DMD) (Lohan and Ohlendieck, 2004; Pertille et al., 2010). Skeletal muscle
from mdx mice exhibit increased cytosolic calcium and significant RyR1 leakage which directly
contributes to the pathology of DMD (Alderton and Steinhardt, 2000; Bellinger et al., 2009; Wang
et al., 2005). Furthermore, reduction of CSQ in the heart has also been found to increase calcium
leakage from the SR and to induce abnormal luminal calcium levels (Chopra et al., 2007).
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Therefore, reduction in CSQ levels might play a significant role in the molecular basis of RyR
leakage in CHKB CMD. Decreased calcium buffering capacity as a result of decreased CSQ
levels might exacerbate RyR leakage and significantly contribute to the pathology of this disease.
Phospholipid Imbalance in skeletal muscle leads to pronounced ER stress
Our results in Chapter II show that inhibition of PC biosynthesis in yeast leads to ER stress
and UPR activation. The UPR is a conserved signaling pathway that is activated by the
accumulation of unfolded proteins in the ER. Activation of the UPR results in a cascade of events
including up-regulation of chaperones and ERAD, and down-regulation of translation (Gardner et
al., 2013). Interestingly, ER stress and UPR also increase in other muscular dystrophies including
DMD, spinal bulbar muscular atrophy, tibial muscular dystrophy and myotonic dystrophy I (Hulmi
et al., 2016; Ikezoe et al., 2007; Moorwood and Barton, 2014; Yu et al., 2011). In particular, ER
stress in DMD and mdx mice have been found to decrease SR-mitochondria contact sites and
increase cytosolic and mitochondrial calcium levels (Pauly et al., 2017; Robert et al., 2001;
Valladares et al., 2018). Therefore, ER stress and UPR activation as a result of phospholipid
imbalance might act complimentarily to RyR dysfunction to impair mitochondrial function in CHKB
CMD.
To determine whether phospholipid imbalance induces ER stress and UPR activation in
skeletal muscle from rmd mice, we used western blot analysis to study the steady state levels of
three UPR markers, BiP, spliced XBP1, and CHOP, from rmd and control littermate mice at 3, 4,
5, 6, and 8 weeks of age. These three markers represent the three different branches of the UPR
in mammalian cells. BiP is an Hsp70 family chaperone that promotes protein folding in the ER
and is upregulated by ATF6 during ER stress (Zhang and Kaufman, 2006). X-box binding protein
1 (XBP1), is an UPR-specific transcription factor that resides as an inmature mRNA in the
cytoplasm and is processed into a fully mature mRNA by activated IRE1 during ER stress (Walter
and Ron, 2011). Finally, CCAAT-ehancer-binding protein homologous protein (CHOP) is induced
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by the PERK-ATF4 branch of the UPR and mediates late steps in UPR including protein
translation relieve and apoptosis (Rozpedek et al., 2016). Intially, we find that the steady-state
levels of BiP, XBP1(s) and CHOP are increased in rmd mice at 3 weeks of age. These levels go
down at around 4 weeks of age and then start going back up as the disease progresses in the
rmd mice. In fact, we detect the highest levels of all 3 UPR markers at 8 weeks of age, the time
where there are significant signs of muscular dystrophy in the rmd mice (Figure 8). This is the first
evidence that the UPR is activated in the mouse model for CHKB CMD.
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Figure 8. The Unfolded Protein Response
(UPR) is activated in skeletal muscle in the
rmd mouse model for CHKB CMD. Top Panel:
Western blot of BiP, CHOP, XBP1(s) and GAPDH
from 3-, 4-, 5-, 6- and 8-weeks old gastrocnemius
muscle from WT and rmd mice. Bottom Panel:
Quantitation of western blot in Top Panel.
Similarly to DMD, ER stress and UPR activation could play a significant role in the
pathophysiology of CHKB CMD by contributing directly to muscle dysfunction (Pauly et al., 2017).
In mdx mice, ER stress significantly reduces SR-mitochondria contact sites, disrupts IP3R
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function and increases cytosolic and mitochondrial calcium levels. Under normal conditions,
mitochondria are tethered to the SR at mitochondria-associated ER membranes (MAM). At
MAMs, IP3R in SR physically interacts with VDAC, a voltage-dependent anionic channel in the
mitochondria through GRP75 (Giorgi et al., 2009). This interaction allows the direct transfer of
Ca2+ from the SR to the mitochondria which is essential for normal mitochondrial function in
skeletal muscle (Szabadkai et al., 2006). However, ER stress in mdx mice decreases SRmitochondria contact sites and causes calcium leakage from IP3R receptors, leading to increased
cytosolic calcium and impaired mitochondria function. On the other hand, inhibition of IP3R
receptors in mdx mice decreases SR calcium leakage, decrease mitochondrial calcium levels and
improves mitochondrial function (Valladares et al., 2018). Similarly, pharmacological inhibition of
ER stress and UPR activation in mdx mice increased SR-mitochondria contact sites, restored
mitochondrial calcium handling and improved skeletal muscle function (Pauly et al., 2017).
Finally, pharmacological inhibition of ER stress in another recent model of muscular dystrophy as
a result of a novel RyR mutation also improved mitochondrial and muscle function (Lee et al.,
2017).
ER stress due to phospholipid imbalance in CHKB CMD could be a main contributor to
the muscular dysfunction seen in these patients. Similar to DMD, ER stress in CHKB CMD could
decrease SR-mitochondria contact sites thereby leading to IP3R dysfunction and calcium leakage
from the SR. In turn, this calcium leakage might further exacerbate mitochondrial dysfunction as
a result of increased cytosolic calcium. On the other hand, phospholipid imbalance could directly
disturb the function of IP3R and VDAC, leading to calcium leakage, depletion of SR calcium and
induction of ER stress (Krebs et al., 2015). Interestingly, CHOP induction due to chronic UPR
activation results in increased cytosolic levels of calcium due to Ero1α-depednent ROS-induced
IP3R dysfunction (Li et al., 2009). Therefore, ER stress and phospholipid imbalance could

104

function in positive feedback loop mechanism to promote defects in calcium homeostasis and
mitochondrial dysfunction.
RyR clusters are associated with lipid droplets in rmd mice and CHKB CMD patients.
Lipid droplets (LDs) are organelles previously thought to only be energy storage sites in
the form of lipids. They consist of a core of neutral lipids surrounded by a layer of sterol esters
and protein-containing phospholipid membrane and are produced at the ER (Walther and Farese,
2012). However, LDs droplets have been found to play important roles in protein quality control
in several organisms beyond their functions in regulating lipid homeostasis (Garcia et al., 2018).
Previously, our lab identified a novel role for LDs in ER quality control in yeast under conditions
of lipid induced ER stress (Vevea et al., 2015). We found that phospholipid imbalance results in
an increase in LD production from abnormal ER membranes and that LD formation is required for
survival during this form of ER stress. Interestingly, these LDs are not only removing excess lipids
from the ER, but they also remove damaged ER proteins and ER chaperones, proteins that bind
and stabilize damaged ER proteins (Chapter II). Finally, we find that these LDs are delivered to
the vacuole for degradation by a process resembling microautophagy, termed microlipophagy,
and that this process requires the ESCRT machinery. Overall, these findings support a model
where LDs remove excess lipids and damaged proteins from the ER during conditions of lipid
imbalance and delivers them to the vacuole for degradation.
Given our results in yeast, we explored the possibility of LDs playing a similar role in the
removal of damaged RyRs during CHKB CMD. In order to test this hypothesis, we used SIM
imaging to visualize RyR and LDs in gastrocnemius muscle from 55-61 day-old rmd mice and
wild-type littermate control (Figure 9). LDs were stained with Bodipy 493/503, a neutral lipid stain.
We confirmed previous findings that lipid imbalance in skeletal muscle of rmd mice results in
severe defects in morphology and distribution of RyR clusters. However, we also detect a
significant increase in LDs in rmd skeletal muscle (Figure 9A). Furthermore, we find that these
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LDs make contact and engulf abnormal RyR clusters (Figure 9B). Although RyR interacts with
LDs in wild-type and rmd mice, the number of RyR-lipid droplet interactions are significantly higher
in rmd mice.
More importantly, we obtained similar results in skeletal muscle tissue of CHKB CMD
patients. We detect disrupted morphology and distribution of RyR clusters and a significant
increase in LDs and RyR-LD interactions in skeletal muscle from a CHKB CMD patient compared

RyR

LD

B

RyR

LD

D

rmd

Control

A

CHKB CMD

Control

C

Figure 9. RyR clusters are associated with lipid droplets in
CHKB CMD patients and rmd mice. (A and C) IHF staining of
gastrocnemius muscle from 55 day-old rmd mice and control
littermate (A) and skeletal muscle sections of gastrocnemius
muscle sample from 23 year-old female CHKB CMD patient and
muscle sample from 41 year-old unaffected male (C) against RyR
and lipid droplets (LD) stained with Bodipy 493/503 visualized with
SIM imaging. (B and D) 3D projections of images in A and C that
shows colocalization of RyR clusters with LDs. Scale Bar 2 μm.

106

to an unaffected individual (Figure 9C-D). Overall, these results support the hypothesis that LDs
may remove excess lipids and damaged SR proteins, including RyR, under conditions of lipid
imbalance in an ER quality control mechanism similar to what happens in yeast undergoing lipid
imbalance.
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Material and Methods
C2C12 Culture conditions: C2C12 cell lines were obtained from ATCC (CRL-1772, Manassas,
VA) and grown and differentiated as previously described in (Yoshiko et al., 2002). Briefly, C2C12
were grown on 2% collagen plated dishes in growth media (80% DMEM, 20% FBS, 100U/mL
penicillin/streptomycin, and Fibroblast growth factor 2.5 ng/ml). Cells were plated on collagen
coated MatTek 35MM glass-bottomed Petri dishes (MatTek corp, Ashland, MA) and allowed to
grow to ~ 90% confluency before switching to differentiation media (98% DMEM, 2% HS, and
100U/mL penicillin/streptomycin) to differentiate C2C12 myoblasts into myotubes.
myoblasts were allowed to differentiate for 5 days.

C2C12

In order to induce lipid imbalance,

differentiated myotubes were treated with CK37 (EMD Millipore) at 25 μM for 2 hours prior to
calcium sparks measurement.

Calcium Sparks: Calcium sparks in differentiated C2C12 myotubes were measured as previously
described in (Guatimosim et al., 2011) with some modifications. Briefly, CK37-treated C2C12
myotubes weree washed once with Tyrode solution (140 mM NaCl, 5 mM KCl, 5 mM HEPES, 1
mM NaH2PO4, 1 mM MgCl2, 1.8 mM CaCl2 and 10 mM glucose, pH 7.4). Then, cells were
incubated with1μM Fluo-4 AM in Tyrode solution at room temperature for 30 minutes. Cells were
washed once again with Tyrode solution and incubated at room temperature for 30 minutes in
phenol free differentiation media.

After 30 minutes, calcium sparks were imaged at room

temperature on a Nikon A1 confocal microscope with a 488 nm laser used for excitation. Line
scan mode was used to measure un-stimulated calcium sparks across a 200 μm line scan
acquired at 500 Hz for 10 seconds longitudinally on C2C12 myotubes. Images were imported to
Fiji and a kymograph of each line scans were generated. Calcium sparks were measured using
SparkMaster plugin for Fiji (Picht et al., 2007).
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Immunofluorescence Staining and SIM Imaging: Muscle samples from CHKB CMD patients
and rmd mice were obtained from Dr. Ichizo Nishino (National Institute of Neuroscience, NCNP,
Tokyo, Japan) and Dr. Gregory Cox (Jackson Laboratories, Bar Harbor, ME) respectively. Frozen
muscle samples were sectioned at 5 μm on slides. Frozen sections were allowed to dry for 10
minutes and later fix with 3.7% formaldehyde on 1x PBS. Slide were washed twice for 5 min with
TBST (1x TBS + 0.1 100% Triton X-100) and block/permeabilized with blocking solution (50%
TBST, 50% Normal Goat Serum) at room temperature for 1 hours. Slide were incubated with
RyR antibody clone 5029y rabbit (1:200, a kind gift from Dr. A Marks lab) overnight at 4°C with a
humid chamber. The next day, slides were washed three times with TBST for 5 minutes each
and incubated with Alexa Fluor 594 ants-rabbit (1/200, Life Technologies, Carlsbad, CA) with 10
μg/ml Bodipy 493/503 (Life Technologies, Carlsbad, CA) on TBST for 1 hour at room temperature.
After secondary antibodies, slides were washed again three times with TBST and allowed to dry.
Sections were cured with Prolong Diamond (Life Technologies, Carlsbad, CA) for 24 hours at
room temperature and Zeiss High Performance Coverslips D=0.17mm, 22x22mm (Thornwood,
New York). Slides were images for Structured Illumination images with a Nikon Ti-E with Perfect
Focus System and SIM Illuminator with SIM Microscope Enclosure with an EM-CCD Camera iXon
DU897 (Andor) and Apo TIRF 100X/1.49 objective.

Western Blot and RyR immunoprecipitation: RyR were immunoprecipitated as previously
described in (Bellinger et al., 2009). Briefly, 30-50 mg of flash frozen rmd muscle samples were
thawed on IP buffer (50 mM Tris-HCl pH 7.4, 154 mM NaCl, 5 mM NaF, 1 mM Na3VO4, 1% Triton
X-100, 2 mM PMSF and protease inhibitor cocktails) and homogenized with a 2 mL glass Dounce
homogenizer (Wheaton, Millville, NJ). After homogenization, samples were centrifuged for 5 min
at 15,000 rpm at 4°C and the supernatant was used for further WB analysis and RyR IP. For RyR
IP, ~ 1000 µg of total protein-cell lysate was incubated with 2 µL of RyR antibody clone 5029y for
6 hours rotating at 4°C. After 6 hours, Protein A magnetic beads (Pierce, Thermo Fisher,
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Carlsbad, CA) were added and incubated for 2 more hours rotating at 4°C. Beads were washed
three times with IP buffer and proteins were eluted with 1x LB buffer after boiling at 100°C for 4
min. 30 μg of cell lysate were lysate was loaded onto a 4-20% SDS-PAGE gradient gel with 0.5%
2,2,2-Trichloroethanol (TCE, Sigma-Aldrich, St. Louis, MO).

Before transferring, TCE was

activated by exposing the gel to UV light (300 nm) for 2.5 min. Cross-linked proteins were detected
by 2.0 sec exposure to 300 nm illumination, and used as a total protein loading control (Ladner et
al., 2004). Proteins were transferred to a PVDF (Immobilon-FL; EMD Millipore, Billerica MA)
membrane. After transfer, the PVDF membrane was rinsed with H2O and dried for 1 hour prior to
blocking with (50% 1x TBS, 50% Odyssey Blocking Buffer (TBS), LI-COR, Lincoln, NE). After
blocking, membranes were incubated with primary antibodies on 50% TBST:50% Odyssey
Blocking Buffer overnight. The next day, membranes were washed with TBST and incubated with
IRDye 800 CW infrared secondary antibody (LI-COR, Lincoln, NE) anti-mouse or anti-rabbit, for
1 hour. Finally, membranes were imaged with an Odyssey Fc imaging system (LI-COR, Lincoln,
NE). Antibodies used in this study were: RyR antibody clone 5029y (1/2000, rabbit), calstabin1
(1/2500, rabbit, a kind gift from Dr. Andrew Marks), CHOP (1/1000, mouyse, CST 2895), BiP
(1/1000, rabbit, CST 3177), XBP1 (1/500, mouse, Santa Cruz sc-8015), CSQ (1/1000, mouse,
sc-137080) and GAPDH (1/5000, mouse Sigma-Aldrich G8795).
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Chapter 4
Discussion
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Novel emerging models of organellar quality control
Quality control mechanisms are required to repair or remove damaged organelles in order
to promote normal cellular function. One of the most well established organellar quality control
mechanisms is autophagy (Anding and Baehrecke, 2017). There are three forms of autophagy:
macroautophagy, microautophagy and chaperone-mediated autophagy (CMA)(Klionsky, 2007).
Usually, cells rely on selective macroautophagy to remove damaged organelles. During this
process, damaged organelles are identified and sequestered by specific adaptor proteins that
bind core ATG proteins in phagophores (Feng et al., 2014).

This process catalyzes the

engulfment of the damaged organelles by the autophagosome which later fuses with the
lysosome for complete degradation of the organelle. While this process is very efficient in
removing damaged organelles, it is very broad and it is usually triggered when there is significant
damage to the organelles. On the other hand, if the organelle experiences only some minor
damage, the cell has more precise mechanisms that are able to directly remove damaged protein
from these organelles. For example, ER and mitochondria are able to recognized and remove
unfolded proteins by ERAD and MAD pathway respectively (Chatenay-Lapointe and Shadel,
2010; Ruggiano et al., 2014).
However, over recent years, a novel theme in organellar quality control has emerged.
Several studies, including this work, have revealed a new mechanism where a small membrane
portion of organelles, along with damaged protein, are removed and targeted for degradation to
the vacuole or lysosome. This novel process has been described for mitochondria and ER in
yeast and metazoans (Fregno et al., 2018; Hughes et al., 2016; Satpute-Krishnan et al., 2014;
Sugiura et al., 2014). In mitochondria, damaged proteins or amino acid carriers have been shown
to be removed from mitochondria in small vesicles that bud off from the outer membrane, named
mitochondrial derived vesicles (MDV) and mitochondrial derived compartment (MDC), in yeast
and metazoans respectively (Hughes et al., 2016; Sugiura et al., 2014). On the other hand,
terminally misfolded proteins from the ER that cannot be removed by ERAD, are sequestered into
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ER-derived vesicles through the secretory pathway and delivered to the lysosomes for
degradation (Fregno et al., 2018; Satpute-Krishnan et al., 2014). Unlike autophagy, this new
emerging mechanism seems to take a more targeted approach to the removal of small damaged
parts of an organelle that cannot be normally removed by ERAD or MAD.
Similarly, our studies in yeast have revealed a novel mechanism that involves the removal
of damaged unfolded proteins from the ER by LDs. Under conditions of ER stress, we find that
LDs bud off from the ER carrying numerous polyubiquitinated and ER transmembrane proteins.
Furthermore, we find that these LDs are also enriched in several cytosolic chaperones and Iml2p,
a protein required for the efficient removal of inclusion bodies in yeast. Furthermore, these LDs
are further targeted to the vacuole for degradation through microlipophagy.
Interestingly, this ER stress-induced microlipophagy does not require core ATG genes
and can occur in the absence of lipid ordered microdomains (Lo) in the vacuolar membrane.
Instead, they require the ESCRT machinery for efficiently LD degradation.

We find that ESCRT

complexes are up-regulated and localizes to the vacuolar membrane in response to lipid
imbalance- chemically induced ER stress induced microlipophagy and that ESCRT I, II and III
complexes are required for microlipophagy in response to each of these stressors. Therefore,
our studies indicate that ESCRT-mediated vacuolar membrane invagination and scission at Ld
domains is the driving force for microlipophagy during chemically induced ER stress, and that
ESCRT and Lo microdomains contribute to microlipophagy in response to lipid stress
Recruitment of damaged ER proteins to LDs
While these processes seem to rely on different mechanisms for the removal of damaged
proteins from organelles, they all have a common step; the identification and sequestering of
unfolded damaged protein from the organelle’s membranes. In the case of lipid imbalance, one
of the most likely mechanisms for the selection of damaged proteins seems to be the
accumulation of polyubiquitinated proteins in the ER membrane. This hypothesis is based on our
finding that isolated LDs during acute PC biosynthesis inhibition are enriched in polyubiquitinated
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ER proteins.

Lipid imbalance disrupts the redox environment of the ER and causes the

accumulation of unfolded proteins in the ER (Chapter II). This in turn, activates UPR and
upregulates components of ERAD (Thibault et al., 2012; Vevea et al., 2015). The unfolded
proteins are recognize by the luminal chaperones which targets them for ERAD, where they get
retro-translocated out of the ER and polyubiquitinated by a group of E3 ubiquitin ligases.
Interestingly, severe lipid imbalance partly disrupts ERAD function and requires robust activation
of the UPR to bypass this defect (Thibault et al., 2012). Therefore, lipid imbalance results in the
accumulation of ubiquitinated proteins in the membrane of the ER possibly as a result of inefficient
ERAD in these cells. Finally, the presence of a large number of polyubiquitinated proteins
resistant to ERAD serves as a signal for their selection and recruitment to LDs for subsequent
removal.
The most likely candidate for recognition of these proteins in the ER surface would be
proteins with ubiquitin binding domains (UBDs) or ubiquitin receptors. UBD proteins play a wide
variety of essential functions beyond protein degradation in ERAD, including autophagy,
endocytosis, MVB formation, transcription and immunity (Husnjak and Dikic, 2012).

The

ubiquitous presence of UBDs in multiple cellular process within the cell relies on the combined
diversity of the ubiquitin side chain code, the combinatorial nature of multiple UBDs and
posttranslational modification of UBDs that modulate their ubiquitin binding properties and
function (Husnjak and Dikic, 2012). While none of the well-known UBD protein in yeast were
enriched in LDs under conditions of lipid and ER stress, there is still the possibility that an unknow
UBD detected in our mass spectrometry analysis might play a vital role in the shuttling of
polyubiquitinated ER proteins to LDs.
Another possible mechanism to select and target unfolded ER membrane proteins to LDs
might rely on molecular chaperones and their action at ER/LD membranes. In mammalian cells,
Hsp70 has been known to interact with misfolded transmembrane proteins at the ER membrane.
Cytosolic Hsp70 along with its cofactors, Hdj-2 and CSP, associate with CFTR, cystic fibrosis
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transmembrane conductance receptor, at ER membranes and help in its maturation (Meacham
et al., 1999; Yang et al., 1993). Furthermore, Ssa1p, the yeast Hsp70, can recognize aggregation
prone CFTR variant at the ER and is required for its efficient degradation by the proteasome
(Zhang et al., 2001). Likewise, we see a close association of chaperones with abnormal ER
membranes and LD under conditions of lipid imbalance (Vevea et al., 2015). Inhibitions of PC
biosynthesis results in the colocalization of Hsp104p with ER aggregates, and more important,
recruitment of Ssa1p, Ssa2p, Ssa4, Hsp82p and Iml2p to LDs (Chapter II). Therefore, these
cytosolic chaperones could recognize unfolded proteins at ER membranes and facilitate their
recruitment to LDs. Consistent with this idea is our findings that not all LDs associate with
chaperones. Instead, only ~30-40% of LDs associate with any of the chaperones visualized,
indicating that the interaction between these chaperones and LD depends on whether the LDs
carry unfolded ER proteins. Interestingly, Hsp70 family of chaperones have also been known to
bind misfolded ubiquitinated proteins in the cytoplasm in order to prevent their aggregation when
proteasome degradation is impaired (Park et al., 2007; Shiber et al., 2013). Therefore, cytosolic
chaperones might play an important role in the selection and sequestering of damaged protein
from the ER to LD by recognizing their misfolded domains or their polyubiquitin tag.
White polyubiquitination might serve as the signal to select unfolded proteind for
subsequent loading into LD, little is known about the mechanism that recognizes these proteins
and catalyzes the horizontal transfer to the ER membranes that cover LDs. Further experiments
are required to identify the specific identity of ubiquitinated protein enriched in LDs under
conditions of ER stress. Knowing the nature of this specific subset of proteins will elucidate the
mechanism by which these proteins are sequestered in LD membranes.
Recruitment of LDs to the Vacuole during ESCRT dependent microlipophagy
A vital step during microlipophagy is the recruitment of LDs to the vacuole for subsequent
uptake and degradation. Even though LD-vacuole contact sites are essential for microlipophagy,
little is known about this interaction. The most well-studied mechanism of LD-vacuole interaction
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comes from work performed in yeast cells undergoing diauxic shift and stationary phase growth.
Under normal conditions, LDs make very few contacts with the vacuole. However, as nutrients
become depleted, cells enter the diauxic shift as they change their carbon source from glucose
to other sources. During this time, LDs start accumulating at the nucleus vacuole junction (NVJ),
contact sites between the vacuole and nER. Nevertheless, the close proximity of LD to vacuole
at NVJ seems to be the result of the localization of enzymes involved in lipid metabolism at NVJs,
rather than direct physical contact between vacuoles and LDs (Hariri et al., 2018). In fact, as cells
enter stationary phase, LDs move away from NVJ even though they continue to persist in cells.
As the cells continue their growth into stationary phase there is a remodeling of the yeast
vacuole that promotes contact with LDs. During stationary phase, vacuolar membranes become
enriched in sterol esters and sphingolipids (Wang et al., 2014). With the action of Niemann-Pick
Type C proteins, these lipids are assembled into sterol- and sphingolipid-rich lipid rafts named Lo
microdomains (Tsuji et al., 2017; Wang et al., 2014). During this time, LDs bind Lo microdomains
and this contact persist for several days until LDs are engulfed by the vacuole. While there are
several proteins that have been shown to localize to Lo microdomains during stationary phase,
none of them have been shown to be essential for LD-vacuole contact.
However, our results show that LDs can make contact and be engulfed by Ld vacuoles,
indicating that sterol rich microdomains are not required for efficient LD-vacuole contact during
conditions of lipid imbalance and ER stress. One possible mechanism worth exploring in the
future is the idea that the ESCRT complex could play a role in the recruitment of LDs to the
vacuole. ESCRT complexes have been known to sequester soluble cargo into late endosome.
Furthermore, this cargo has been found to be either polyubiquitinated or in a complex with Hsc70,
the second member of the Hsp70 family of chaperones in metazoans (Mejlvang et al., 2018; Sahu
et al., 2011; Wurmser and Emr, 1998; Yamashita et al., 2008). Given that LD under conditions of
lipid imbalance and ER stress are enriched in polyubiquitinated proteins and Hsp70 family
chaperones, and that all components of ESCRT are recruited to the vacuole, it is possible that
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LDs could be recruited to the vacuolar surface by members of ESCRT 0-II (Morozova et al., 2016;
Sahu et al., 2011).
Recruitment of ESCRT to Vacuole
A vital question that remains to be answered is how are the ESCRT components recruited
to the vacuole under conditions of lipid imbalance and ER stress. The recruitment of ESCRT
complexes to MVB membranes have been very well characterized. Under normal conditions
ESCRT 0-II can be recruited to endosomal membranes by binding to ubiquitinated membrane
proteins, phosphatidylinositol-3-phosphate (IP3P) or other ESCRT complexes. Recently, it was
shown that the ESCRT complex can be recruited to the vacuole by ubiquitinated vacuolar
membrane proteins. At the vacuole, ESCRT mediates the process of membrane invagination to
uptake the ubiquitinated vacuolar cargo and degraded.
Therefore, it is a possibility that the ESCRT complex can be recruited to the vacuole as a
result of an enrichment of ubiquitinated vacuolar proteins during conditions of ER stress. Far
more likely, however, is the possibility that the ESCRT complex is recruited to the vacuole by
binding PI3P enriched at the membrane. Under conditions of lipid imbalance, there is a significant
increase in phosphatidylinositol in membranes. The increased levels of PI might cause an
enrichment of PI3P at the vacuolar membranes which can served as the recruiting signal for
ESCRT 0-II.
Microdomain vs ESCRT dependent microlipophagy
An interesting observation from our studies is that both microdomain-dependent and
ESCRT-dependent forms of microlipophagy seems to be happening at the same time during
conditions of lipid imbalance and ER stress. Thus, there must be a mechanism that licenses LDs
to be degraded by either form of microlipophagy. As described above, one possible mechanism
is the recruitment of LDs to Lo microdomain. If the cell has a vacuole that has formed Lo
microdomains, LDs might be preferentially recruited to these domains for degradation. On the
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other hand, LD might be actively recruited to the vacuole by the ESCRT complex or an unknown
adapter yet to be found.
Final Remarks
Our results indicate that microlipophagy is complex. There appears to be multiple forms
of microlipophagy in yeast that are induced by different conditions, rely upon or do not rely upon
core ATG genes, and utilize different mechanisms for generating docking sites for LDs on the
vacuole. Our studies above reveal a novel mechanism involving the ESCRT machinery in the
invagination of the vacuolar membrane for LD uptake and a role for LD biogenesis and
microlipophagy in ER proteostasis. Ongoing and future studies will reveal whether ESCRT
mediates lysosomal membrane invagination during microlipophagy in metazoans, other possible
targets for ESCRT function in membrane curvature, whether LDs regulate ER proteins quality
control in metazoans, the targets for ER proteostasis by LDs, and whether LDs control the quality
of other organelles.
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Abstract
Loss of mitochondrial DNA (mtDNA) results in loss of mitochondrial respiratory activity,
checkpoint-regulated inhibition of cell cycle progression, defects in growth and nuclear genome
instability. However, after several generations, yeast cells can adapt to the loss of mtDNA. During
this adaptation, rho0 cells, which have no mtDNA, exhibit increased growth rates and nuclear
genome stabilization. Here, we report that the immediate response to loss of mtDNA is a decrease
in replicative lifespan (RLS). Moreover, we find that rho0 cells bypass the mtDNA inheritance
checkpoint, exhibit increased mitochondrial function and undergo an increase in RLS as they
adapt to the loss of mtDNA. Transcriptome analysis reveals silencing of subtelomeric genes in
adapted rho0 cells compared to unadapted cells. Consistent with this, we find that deletion of
SIR3, a subtelomeric gene silencing protein, inhibits adaptation of yeast to loss of mtDNA.
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Introduction
Mitochondrial DNA (mtDNA) encodes subunits of the electron transport chain and ATP
synthase, as well as components required for mitochondrial protein synthesis. For example,
mtDNA of the budding yeast Saccharomyces cerevisiae encodes protein subunits of respiratory
chain complexes III, IV, V and the mitoribosome, as well as rRNAs and tRNAs (Contamine and
Picard, 2000). Although mtDNA can be deleted in S. cerevisiae or in cultured mammalian cells
(Nagley and Linnane, 1970; King and Attardi, 1989), it is essential in complex multicellular
organisms. Mutations of human mtDNA have clinical manifestations in the brain, heart, skeletal
muscle, kidney, and endocrine system (Wallace, 2005; Park and Larsson, 2011).
There are also extensive links between mtDNA and lifespan control. For example, there
is an age-associated increase in oxidative damage and mutations in mtDNA, and a decrease in
mitochondrial respiration in humans, mice and mammalian cells (Trounce et al., 1989; MullerHocker, 1989, 1990; Muller-Hocker et al., 1992; Mecocci et al., 1993; Melov et al., 1995; Melov
et al., 1997; Melov et al., 1999). Moreover, PolgAmut/mut mutator mice that carry mutations that
inhibit the mtDNA proofreading activity of DNA polymerase gamma (PolgA) gene exhibit elevated
levels of mtDNA mutation, premature aging and phenotypes associated with aging in humans
(Trifunovic et al., 2004; Kujoth et al., 2005). These findings raise the possibility that mutation of
mtDNA may contribute to aging.
However, it is not clear whether mutation or loss of mtDNA function is a cause or
consequence of aging. The level of mtDNA mutations in homozygous PolgAmut/mut mice is highly
variable and in some tissues more than an order of magnitude higher than that observed in aging
humans (Khrapko et al., 2006). However, heterozygous PolgA+/mut mice, which have lower levels
of mtDNA mutations compared to homozygous PolgAmut/mut mice but ~30-200 times higher than
wildtype mice, do not exhibit any premature aging or reduction in lifespan (Vermulst et al., 2007).
Thus, while PolgA mutator mice are widely used to study diseases associated with mutations of
mtDNA, it is not clear that they model the normal aging process.
Similarly, studies in budding yeast have not provided a clearer understanding of the links
between mtDNA and lifespan control. Aging studies in yeast can model two distinct forms of
cellular aging. Chronological lifespan, the survival time of stationary-phase, non-dividing yeast
cells, is a model for stress resistance in post-mitotic cells (MacLean et al., 2001). Replicative
lifespan (RLS), the number of times that a cell can divide prior to senescence, is a model for aging
of division-competent cells (Mortimer and Johnston, 1959). Budding yeast cells exhibit an
increase in mutation or loss of mtDNA as they undergo replicative aging (Veatch et al., 2009). On
the other hand, deletion of mtDNA results in an increase in RLS and the observed lifespan
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extension is not due to loss of mitochondrial respiratory activity or reduced oxidative stress in
mitochondria (Woo and Poyton, 2009). However, other studies indicate that loss of mtDNA can
increase, decrease or have no effect on RLS (Kirchman et al., 1999; Kaeberlein et al., 2005a).
Thus, the link between loss of mtDNA and aging remains elusive.
We re-evaluated the effect of mtDNA on yeast RLS, in part, because yeast cells adapt to
loss of mtDNA. The immediate response to loss of mtDNA in yeast is loss of respiratory activity,
activation of the mtDNA inheritance checkpoint, reduced growth rate and a high rate of nuclear
genome instability (Slonimski et al., 1968; Veatch et al., 2009; Crider et al., 2012). The mtDNA
inheritance checkpoint inhibits progression from G1 to S phase in response to loss of mtDNA and
is regulated by Rad53, a component of the DNA damage checkpoint signaling pathway (Crider et
al., 2012). The nuclear genome instability observed in cells without mtDNA (referred to as rho0)
is a consequence of decreased mitochondrial membrane potential (∆Ψ), which in turn results in
defects in the formation of iron-sulfur clusters, co-factors that are essential for the normal function
of proteins including those that affect nuclear genome integrity (Veatch et al., 2009). Early studies
revealed that rho0 cells adapt to loss of the mitochondrial genome. During this process, they
exhibit increased growth rates and nuclear genome stability. Adaptation to loss of mtDNA is
affected by environmental factors including pH, temperature, nutrient availability, antioxidants and
co-culture with cells that have mtDNA (Veatch et al., 2009; Dirick et al., 2014).
Here, we report that loss of mtDNA results in a decrease in RLS, and that one
consequence of adaptation to loss of mtDNA is an extension of RLS. Moreover, we obtained
evidence for a role for subtelomeric gene silencing in the process of rho0 cell adaptation (Dang et
al., 2009). In yeast, as in other eukaryotes, telomeres act as caps at the ends of chromosomes to
protect them from exonuclease degradation and end-to-end fusions. The DNA repeat TG1-3 at the
ends of all yeast chromosomes binds to conserved proteins that regulate telomere length,
transcription, and packaging, and is both necessary and sufficient to provide telomere function
(Shampay et al., 1984; Walmsley et al., 1984; Wellinger and Zakian, 1989; Grunstein, 1997).
Other studies support a role for conserved lifespan regulatory proteins in subtelomeric gene
silencing. Specifically, a complex consisting of Sir2, Sir3 and Sir4 is recruited to telomeres and
subtelomeric regions, where they catalyze deacetylation of histones adjacent to the nucleosome,
which leads to chromatin condensation and gene silencing (Park and Lustig, 2000; Rusche et al.,
2003; Altaf et al., 2007; Dang et al., 2009; Kozak et al., 2010). We find that specific subtelomeric
genes are silenced in yeast as they adapt to loss of mtDNA, and that Sir3 is required for this
adaptation event.
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Results and Discussion
Yeast adapt to loss of mtDNA: We confirmed previous findings (Veatch et al., 2009; Dirick et
al., 2014) that rho0 cells adapt to loss of mtDNA. Freshly prepared rho0 cells form small and large
colonies on solid media (Figures 1A-1B). Cells from both small and large rho0 cell colonies have
no respiratory activity and grow significantly more slowly than rho+ cells, which contain mtDNA
(Figure 1C). However, cells from large rho0 colonies exhibit higher growth rates than cells from
small rho0 colonies (Figure 1C). It is likely that the large colonies represent a population of rho0
cells that have adapted to the loss of mtDNA, and thus exhibit faster growth rates. Therefore, we
will refer to the cells from small and large colonies of rho0 strains as unadapted and adapted,
respectively.

Figure 1. Yeast adapt to loss of mtDNA. (A) Histograms showing distribution of yeast colony
area from rho0 (newly generated rho0 cell), rho0 UA source (rho0 cell derived from unadapted small
rho0 colonies) and rho0 A source (rho0 cell derived from adapted large rho0 colonies).
Representative trial from 3 independent experiments. Dotted line indicates colony area threshold
criterion used to define adapted colonies. p values indicate statistically significant differences
between the average colony sizes of the strains (n=137-322 colonies measured per condition;
****, p < 0.0001, by Kruskal-Wallis test with Dunn’s post-hoc test for multiple comparisons). (B)
Percentage of unadapted and adapted colonies, according to colony area criteria used in A, from
newly generated rho0, rho0 UA and rho0 A sources. Bar represent the average percentage of
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colonies of each size, ± SEM in 3 independent experiments. (n= 68-322 colonies per experiment
per condition; ***, p < .001; and ****, p < 0.0001, by 1-way ANOVA with Tukey post-hoc test) (C)
Growth rates of rho+, rho0 UA and rho0 A cells. Bar show pooled average ± SEM of the maximum
OD600/hr from 3 independent experiments (n= 6-12 replicates per conditions; ***, p < .001; and
****, p < 0.0001, by 1-way ANOVA with Tukey post-hoc test). (C) Quantitation of progression from
G1 to G2 for rho+, rho0 UA, and rho0 A cells. Progression was measured as the fold change in the
fraction of cells in G1 phase at the time specified, relative to the fraction of cells that were in G1 at
the time of release from alpha factor-induced G1 arrest (cells in G1 at t0/cells in G1 at tx, 50,000
events measured per timepoint per strain)
Interestingly, we find that unadapted rho0 cells give rise to cells that form small colonies
and exhibit low growth rates. They also give rise to cells that form large colonies and exhibit high
growth rates. Thus, unadapted rho0 cells give rise to both unadapted and adapted rho0 cells. In
contrast, adapted rho0 cells give rise only to adapted cells, which form large colonies and exhibit
high growth rates (Figures 1A-1C). These data confirmed previous findings that the adaptation
observed in rho0 cells is heritable (Dirick et al., 2014). Moreover, rho0 cells continue to adapt as
they are propagated. We find that the colonies produced from adapted rho0 cells are significantly
larger than those obtained from newly generated rho0 cells (Figure 1A).
Our initial observation of rho0 adaptation was made in cells where mtDNA was eliminated by
treatment with EtBr. However, we also detect adaptation in rho0 cells in which mtDNA has been
lost as a result of the deletion of MGM101 (Supplemental Figure S1), which encodes a protein
that mediates mtDNA repair and is required for mtDNA maintenance (Chen et al., 1993).
Adaptation to loss of mtDNA has also been documented in yeast that undergo spontaneous
mtDNA loss or in yeast in which mtDNA loss was induced by expression of a dominant-negative
form of the mtDNA polymerase MIP1 (Veatch et al., 2009; Dirick et al., 2014). Thus, this
adaptation is a general response to loss of mtDNA and not a consequence of the method used to
delete mtDNA.
Finally, we find that the increase in growth rate that occurs in adapted rho0 colonies is due at least
in part to bypass of the mtDNA inheritance checkpoint (Figure 1D). We monitored cell cycle
progression in synchronized yeast cells using flow cytometry to measure DNA content. Wild-type
rho+ cells, which contain mtDNA, transition from G1 to G2 phase 60-130 mins after release from
G1 arrest. In contrast, cells from small rho0 colonies exhibit severe defects in transition from G1 to
S phase. Finally, cells from large rho0 colonies progress through the cell cycle similarly to rho+
cells. In the example shown, the lag time for entry into the cell cycle after release from G1 arrest
and the cycling times are shorter in adapted rho0 cells than in rho+ cells.
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Effects of mtDNA on lifespan and mitochondrial redox state: One consequence of loss of
mtDNA and the associated mitochondrial respiratory activity is a decrease in ∆Ψ. Previous studies
revealed that ∆Ψ increases as yeast adapt to loss of mtDNA (Veatch et al., 2009). To further
characterize the adaptation process, we studied mitochondria redox state in unadapted and
adapted rho0 cells using a redox-sensing variant of GFP (roGFP) (Figure 2A-B) (Hanson et al.,
2004). Our previous studies using mitochondria-targeted roGFP and other biosensors revealed
that fitter mitochondria that are more reduced, contain less mitochondrial superoxide and have
higher ∆Ψ are preferentially inherited by yeast daughter cells and that this affects yeast cell fitness
and lifespan (McFaline-Figueroa et al., 2011).

Figure 2. Adaptation to loss of mtDNA results in increased lifespan and mitochondrial
quality. (A) Representative images of redox state of mitochondria in WT rho+, rho0 UA, and rho0
A cells measured with mito-roGFP1. Reduced:oxidized mito-roGFP ratio images are shown.
Color scale in bottom panel shows the dynamic range of ratios, with warmer colors indicating a
more reducing environment. (B) Quantitation of reduced:oxidized mito-roGFP ratios in WT rho+,
rho0 UA, and rho0 A cells as in A. The box indicates the middle quartile with the midline
representing the median; whiskers show the minimum and maximum values. Representative trial
from 3 independent experiments (n= 84-104 for each condition, **, p<0.01, ****, p < 0.0001, by
one-way ANOVA with Tukey post-hoc test for multiple comparisons). (C) Mean generation time
was measured during RLS determination shown in D and E, as the time elapsed between
emergence of two consecutive buds. Bars show average ± SEM for one independent experiment
(n=30-51 cells per condition; **, p<0.01; and ****, p< 0.0001, by Kruskal-Wallis test with Dunn’s
post-hoc test for multiple comparisons). (D) and (E) Replicative lifespan (RLS) determination for
WT rho+, rho0 UA, and rho0 A cells. (n=40-52 starting new daughters per condition. Statistical
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significance between RLS survival curves was tested with Log-rank (Mantel-Cox) test where p <
0.05).
Loss of mtDNA or adaptation to that loss does not affect mitochondrial quality control
during inheritance: daughter cells inherit mitochondria that are more reduced and therefore higher
functioning in adapted and unadapted rho0 cells (Supplemental Figure S2). However,
mitochondria in unadapted rho0 cells are significantly more oxidized compared to mitochondria in
rho+ cells.

In contrast, mitochondrial redox state improves in rho0 cells as they adapt:

mitochondria become more reduced in adapted compared to unadapted rho0 cells (Figures 2A2B). Interestingly, the more reducing mitochondrial environment observed upon adaptation of rho0
cells is not accompanied by lower mitochondrial superoxide levels. We find that loss of mtDNA
results in a significant decrease in superoxide levels in the organelle. However, there is no obvious
difference in mitochondrial superoxide levels between adapted and unadapted rho0 cells
(Supplemental Figure S3).
Equally important, we find that rho0 cells undergo an extension of RLS as they adapt
(Figures 2C-2D). The mean RLS of rho+ cells in the genetic background used in these studies is
20-25 generations. The RLS of unadapted and adapted rho0 cells is variable. However, the mean
RLS of unadapted rho0 cells is always significantly lower than that of rho+ cells. In contrast, the
mean RLS of adapted rho0 cells is always higher than that of unadapted rho+ cells (data not
shown). In the example shown, the RLS of the adapted rho0 cells is greater than that of rho+ cells.
Thus, we find that loss of mtDNA results in a decrease in RLS in yeast, and that one of the events
associated with adaptation to the loss of mtDNA is extension of RLS.
Subtelomeric genes are silenced in adapted rho0 cells: Since adaptation is heritable, we used
RNA-Seq to compare the transcriptomes of unadapted and adapted rho0 cells (Supplemental
Tables S1-S2). Previous studies indicate that newly generated rho0 cells exhibit a transcription
signature of iron starvation (e.g. increased expression of iron transport and homeostasis proteins),
which likely reflects compensatory mechanisms to promote the essential process of iron-sulfur
cluster formation in mitochondria (Veatch et al., 2009). We find that transcripts for iron transport
proteins are down-regulated in adapted cells compared to unadapted rho0 cells. We also detect
a decrease in transcripts that encode nutrient transport proteins, which may reflect a reduction in
the stress response (Supplemental Table S3). The majority of the transcripts that are present at
higher levels in adapted versus unadapted rho0 cells encode proteins that mediate amino acid
and purine nucleotide biosynthesis. (Supplemental Tables S3-S4).
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Interestingly, our transcriptome analysis also revealed that subtelomeric genes are
preferentially silenced in adapted rho0 cells when compared to unadapted cells. We find that 24%
of the transcripts that are down-regulated in adapted cells are encoded by genes that lie within
25 kB of the telomere and are therefore subtelomeric (Figure 3). Moreover, using RT-PCR to
quantify cellular mRNA levels, we confirmed that the transcripts of 3 of the genes that are silenced
in adapted rho0 cells based on RNA-Seq analysis (PAU24, DAN1, and FIT3) are indeed reduced
in adapted compared to unadapted rho0 cells (Supplemental Figure S4).
This transcriptional signature is independent of the method of rho0 formation. We observe
subtelomeric gene silencing in adapted rho0 cells in which mtDNA was lost by EtBr treatment or
by deletion of MGM101 (mgm101∆ rho0 cells) (Supplemental Table S2). In adapted rho0 cells that
are produced by EtBr treatment or MGM101 deletion, there is a decrease in transcripts that
encode iron transport genes and the SeriPAUperin family of proteins, cell wall mannoproteins that
play a role in maintaining cell wall and plasma membrane integrity in response to stress (Marguet
et al., 1988; Viswanathan et al., 1994; Kowalski et al., 1995; Jelinsky et al., 2000; Ai et al., 2002;
Kueng et al., 2013). Thus, our findings support the model that subtelomeric gene silencing occurs
during adaptation to loss of mtDNA.

Figure 3. Subtelomeric gene silencing occurs during adaptation to loss of mtDNA. (A) List
of the most downregulated genes in WT rho0 A versus UA cells along with their distance from the
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telomere. Downregulated genes were defined as those exhibiting a Log2 Fold Change < -1.5 and
statistical significance of p < 0.05. Distance from telomere denotes the distance from the gene
locus to the closest telomere in the chromosome. (B) Histogram showing distribution of distance
from nearest telomere of the top 13 most down-regulated genes shown in (A). The one gene with
a distance of 93 kB is not shown. (C) Average fold change of transcript levels for subtelomeric
genes PAU24, DAN1, FIT3 and PAU8 in WT rho0 A versus UA cells. Fold change was calculated
as 2-ΔΔCT with actin serving as the endogenous control for each sample. Averages and SD from
n=3 independent trials are shown. Statistics were performed on the corresponding raw ΔCT (CT
target gene-CTactin) values from A and UA cells for each gene as shown in Figure S3 (**, p < 0.002 by
Student’s t test).
SIR3 is required for adaptation to loss of mtDNA: To determine whether adaptation to loss of
mtDNA is due to subtelomeric silencing, we studied the effect of deletion of SIR3 on adaptation
in rho0 cells. We confirmed the findings that deletion of SIR3 has no significant effect on yeast
RLS or cell growth rates (data not shown) (Kaeberlein et al., 2005b). Moreover, we find that
deletion of SIR3 has no obvious effect on mitochondrial redox state in mid-log phase yeast cells.
(Figures 4C-4D).

Figure 4. Sir3 is required for efficient adaptation to loss of mtDNA. (A) Growth rates of sir3Δ
rho+ and cells from small (grey column) and large (light blue) sir3Δ rho0 colonies. Bars show
pooled average ± SEM of maximum OD600/hr from 3 independent experiments (n= 6-12
replicates per conditions; ***, p < .001; and ****, p < 0.0001, by 1-way ANOVA with Tukey posthoc test). (B) Percentage of small (S) and large (L) colonies, according to colony area criteria
used in Figure 1A, arising from newly generated sir3Δ rho0, and from small and large colonies
propagated from newly generated sir3Δ rho0 cells. Bar shows the average percentage distribution
of colony sizes ± SEM of 3 independent experiments (n= 85-394 per each experiment per
condition, ** < .01, and **** < 0.0001, by 1-way ANOVA with Tukey post-hoc test). (C)
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Representative images of redox state of mitochondria in sir3Δ rho+ cells, and sir3Δ rho0 cells from
small (S) and large (L) colonies measured with mito-roGFP1. (D) Quantitation of reduced:oxidized
mito-roGFP ratios in sir3Δ rho+ cells, and sir3Δ rho0 cells from small (S) and large (L) colonies.
Box and whiskers are defined as in Figure 2 (n=48-89 for each condition; ****, p < 0.0001, by oneway ANOVA with Tukey post-hoc test). (E) RLS measurements for sir3Δ rho0 S, and sir3Δ rho0 L
cells performed as described in Experimental Procedures. (n=40 starting new daughters used per
RLS experiment per condition. Statistical significance between RLS survival curves was tested
with Log-rank (Mantel-Cox) where p < 0.05).
We deleted mtDNA in sir3∆ cells and found that sir3∆ rho0 cells form large and small
colonies when propagated on solid media (Figure 4B). Cells from small sir3∆ rho0 colonies share
some features with unadapted rho0 cells. They exhibit low growth rates and more oxidized
mitochondria when compared to rho+ cells that bear wild-type SIR3. However, cells from large
sir3∆ rho0 cell colonies are fundamentally different from adapted rho0 cells. First, in contrast to
adapted rho0 cells, which exhibit higher rates of growth in liquid media compared to unadapted
rho0 cells, the growth rate of cells from large sir3∆ rho0 cell colonies transferred to liquid media,
is significantly lower than that of unadapted sir3∆ rho0 cells (Figures 4A-B). In addition,
mitochondrial function and RLS in cells from large and small sir3∆ rho0 cell colonies are
indistinguishable (Figures 4C-E). Thus, sir3∆ rho0 cell fail to adapt: they do not undergo the
increase in liquid-media growth rates, increased mitochondrial function or RLS extension
observed in adapted rho0 cells that contain the wild-type SIR3 gene.
Although mtDNA undergoes age-associated damage and mutation in all cell types and
organisms studied, it is not clear whether these changes are a cause or consequence of aging.
Indeed, loss of mtDNA can increase, decrease or have no effect on RLS in yeast. We detect
reciprocal interactions between mtDNA and lifespan in budding yeast. Loss of mtDNA results in
reduced RLS. Conversely, RLS extension is one consequence of the adaptation of yeast to loss
of mtDNA. Our findings provide evidence for a role for mtDNA in lifespan control in yeast, and
raise the possibility that loss of mtDNA or mtDNA function in other eukaryotes may also affect
lifespan. Moreover, our findings reconcile previous observations that loss of mtDNA has diverse
effects on RLS in yeast: the variable RLS observed in rho0 cells may be a consequence of analysis
of RLS in cells in different states of adaption to loss of mtDNA.
We also detect two additional events that occur during adaptation to loss of mtDNA:
bypass of the mtDNA inheritance checkpoint and increased mitochondrial function. Both
processes may contribute to the increased growth rate that occurs in adapted rho0 cells.
Interestingly, loss of mtDNA has no effect on the mitochondrial quality control mechanisms that
promote inheritance of higher-functioning mitochondria by yeast daughter cells, daughter cell
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fitness and lifespan, and mother-daughter age asymmetry (McFaline-Figueroa et al., 2011).
Moreover, while it is clear that mitochondria become more reducing in adapted rho0 cells, the
change in the redox state of the organelle does not appear to be due to changes in mitochondrial
superoxides. We find that loss of mtDNA results in decrease in mitochondrial superoxide levels,
but that the superoxide levels in the organelle are similar in unadapted and adapted rho0 cells.
In addition, our transcriptome analysis indicates that subtelomeric genes are preferentially
silenced during adaptation to loss of mtDNA. 24% of transcripts that are present at significantly
lower levels in adapted compared to unadapted rho0 cells are encoded by genes that are less
than 25 kB from the telomeres. Indeed, the subtelomeric genes that appear to be silenced in
adapted rho0 cells are present on the telomeres of 11 of the 16 yeast chromosomes.
Early studies supported the model that subtelomeric silencing is a consequence of
spreading of silencing mediators (e.g. the Sir2/3/4 protein complex) from telomeres to
subtelomeres (Gottschling et al., 1990; Renauld et al., 1993). However, other studies raised
questions regarding the generality of this model. Indeed, transcriptome analysis and chromatin
immunoprecipitation (ChIP) studies revealed that the Sir2/3/4 complex localizes to discrete, noncontinuous sites on subtelomeres and is responsible for silencing of only 6% of the genes in
subtelomeres (Ellahi et al., 2015). Thus, available evidence indicates that telomere positioning
effects do not contribute to subtelomeric gene silencing by the Sir2/3/4 complex.

Our

transcriptome analysis indicates that only a limited number of genes are silenced within
subtelomeres in adapted rho0 cells. In cases where more than one subtelomeric gene appears to
be silenced, genes are discontinuous. Thus, there are no obvious telomere positioning effects in
the subtelomeric gene silencing we observe in adapted rho0 cells.
Although the gene(s) responsible for lifespan extension in adapted rho0 cells are not well
understood, our studies indicate that previously identified lifespan regulators that impact rho0 cell
viability do not play a role in RLS extension in adapted rho0 cells. Most yeast strains can tolerate
loss of mtDNA. However, yeast carrying certain mutations (e.g. mitochondrial protein import or
protein quality control) require mtDNA for survival (Dunn and Jensen, 2003; Senapin et al., 2003).
Interestingly, deletion of conserved lifespan-regulating genes can suppress the lethality observed
upon loss of mtDNA in these “petite-negative” strains. Specifically, deletion of any of several
proteins in the 60S ribosomal subunit (rpl13a, 37b, 12a, 20b, 19a, 6b, 14a, 43b, 34b, 35b and 12b
as well as rpp1b and 4a) can extend lifespan and suppress the lethality of loss of mtDNA in petitenegative yeast (Dunn et al., 2006). We do not detect changes in the levels of the transcripts of
any of these RLS-extending genes. Thus, the lifespan extension observed in adapted rho0 cells
is not due to alterations in the expression of ribosomal genes that affect rho0 cell viability.
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On the other hand, our studies indicate that subtelomeric gene silencing is required for
adaptation to loss of mtDNA. Specifically, we find that deletion of SIR3 inhibits adaptation to loss
of mtDNA. sir3∆ rho0 cells give rise to large and small colonies when propagated on solid media.
However, sir3∆ rho0 cells exhibit fundamentally different behaviors compared to rho0 cells: they
fail to undergo the increase in growth rates, mitochondrial function and RLS that are associated
with adaption to loss of mtDNA. Sir3 mediates silencing of the mating type locus of yeast, in
addition to its effects on some subtelomeric genes (Haber, 2012). However, our RNA-seq
analysis does not reveal any changes in the transcript levels of mating-type genes. Thus, our
findings support the model that Sir3-dependent subtelomeric gene silencing is responsible for
promoting mitochondrial function as well as cellular fitness and RLS during adaptation to the loss
of mtDNA.
Although it seems counterintuitive that cells from large sir3∆ rho0 colonies exhibit lower
growth rates compared to cells from small sir3∆ rho0 colonies, there is a precedent for differential
yeast growth rates on solid versus liquid media. For example, yeast bearing a deletion in FLO
genes, which are required for adhesion (flocculation) of yeast cells, exhibit increased colony size
on solid media and severe reduction in growth rates in liquid media compared to wild-type cells
(e.g. Di Gianvito et al., 2017). Indeed, since genes that affect cell wall mannoproteins are silenced
during adaptation to loss of mtDNA, it is possible that the large colony size of some sir3∆ rho0
cells is due to effects on yeast cell adhesion.
Finally, previous studies revealed that elevated mitochondrial ROS results in extension of
chronological lifespan in yeast. The extended lifespan observed in these studies is a consequence
of Rad53-dependent silencing of the DNA demethylase Rph1, and the resulting increase in
subtelomeric gene silencing by Sir3 (Schroeder et al., 2013). While the lifespan extension
observed in yeast exposed to elevated mitochondrial ROS and in yeast that are adapting to loss
of mtDNA are both Sir3-dependent, available evidence indicates these processes are
mechanistically distinct. First, yeast undergoing chronological and replicative aging are in different
stages of the yeast life cycle. Chronological lifespan occurs in yeast that have encountered
nutrient limitations and/or accumulation of damaging metabolites and cannot undergo cell
division. In contrast, yeast undergoing replicative aging are cell division-competent and not
nutrient-limited. Second, we find that mitochondrial superoxide levels are not elevated in
unadapted or adapted rho0 cells. Third, with the exception of 1 gene, there is no overlap in the 43
genes that are repressed in stationary phase yeast with elevated mitochondrial ROS with the 42
genes that are down-regulated in adapted rho0 cells, or the 93 genes that are repressed in
adapted mgm101∆ rho0 cells. Indeed, the genes that are down-regulated in adapted rho0 cells
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are different from the genes that undergo Sir2/3/4-dependent down-regulation in rho+ cells (Ellahi
et al., 2015). These observations provide additional support for the notion that differential Sir3dependent subtelomeric gene silencing events occur in response to different environmental or
cellular conditions. That is, Sir3 regulates different genes in dividing rho+ cells, in oxidatively
stressed quiescent rho+ cells and in rho0 cells that have adapted to loss of mtDNA. Ongoing
studies focus on the gene(s) responsible for the RLS extension that occurs during adaptation to
loss of mtDNA and how those genes contribute to that process.
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Materials and Methods
Yeast strains and growth conditions. All S. cerevisiae strains used in this study are derivatives
of the wild-type BY4741 strain (MATa his3∆1 leu2∆0 met15∆0 ura3∆0) from Open Biosystems
(Huntsville, AL). Yeast cells were cultivated and manipulated as described previously (Sherman,
2002). rho0 cells were generated by treatment with EtBr as described in (Fox et al., 1991). Briefly,
each strain was grown in SC containing 25 μg/ml ethidium bromide (EtBr; Sigma, St. Louis, MO)
for 48 hours at 30 °C with shaking at 220 rpm. Then cells were spread on YPD and incubated for
5 days at 30 °C. rho0 status was confirmed by lack of growth on plates containing a nonfermentable carbon source and absence of mtDNA by DAPI staining.
For some studies, rho0 cells were generated by replacing MGM101 in rho+ cells with knockout
cassettes containing the selectable marker LEU2 through homologous recombination according
to previously described protocols (Gauss et al., 2005; Longtine et al., 1998). The primers, 5’
CTAAAAAAGGAAAGAAAGGACAAGTAGGAAGATCAGCGTACGTGCAGGTCGACAACCCTT
AAT

3’

and

5’

ATATACTTACTAAAATTAGCTTATATGGTTCGCATATTGAGCAGCGTACGGATATCACCTA 3’,
were used to amplify LEU2 from pOM13.

Deletion of MGM101 was confirmed by PCR

amplification of the locus using the following primers: 5’ CGAAATTTATCGACAGAATAATGG 3’
and 5’ GTACTGACACTACGCACTACC 3’.
For each experiment needing mgm101Δ rho0 cells, MGM101 was freshly deleted to avoid further
adaptation of rho0 cells during normal handling, passage and subculturing. Likewise, new EtBr
generated rho0 cells were generated for each experiment. SIR3 was deleted from BY4741 using
the

following

primers:

5’

TTAAGAAAGTTGTTTTGTTCTAACAATTGGATTAGCTAAATGCAGGTCGACAACCCTTAAT 3’
and

5’

CATAGGCATATCTATGGCGGAAGTGAAAATGAATGTTGGTGGGCAGCGTACGGATATCAC
CTA 3’ to amplify URA3 from pOM12. Deletion of SIR3 was confirmed by PCR amplification of
the

locus

using

primers

5’

CACATAAGCAGCCCTTTCATC

3’

and

5’

GAATACAGAAGAGACTGCATG 3’.
Colony size determination. Yeast from the indicated colony type (rho0 strains obtained by EtBr
treatment, or subcultured adapted or unadapted colonies from parental rho0 strains) were diluted
and spread on YPD plates to generate single colonies. After 5 days of growth at 30°C, single
colonies were imaged using a ChemiDoc MP (BioRad). Images were processed with the open165

source colony counting software OpenCFU, to automatically count and measure the size of each
colony (Geissmann, 2013).

False-positive colonies resulting from noise were automatically

removed by applying a -1 filter or manually removed from analysis. Colonies of area < 0.72 mm2
(100 pixels) were categorized as small/unadapted, while colonies of area > 0.72 mm2 were
categorized as large/adapted.
Growth rates. Growth curves were measured using an automated plate reader (Tecan; Infinite
M200, Research Triangle Park, NC). Each strain was grown to mid-log phase in rich, glucosebased media (YPD) and diluted to an OD600 of 0.07 (2.0 x 106 cells/ml). 10 µl of a diluted strain
was added to a well containing 200 µl YPD in a 96-well plate. Cells were propagated at 30°C
without shaking, and optical density at 600 nm (OD600) was measured every 20 min for 72 hrs.
For each strain, three independent colonies were tested in quadruplicate. The maximum growth
rate was calculated using the greatest change in OD600 over a 240-min interval in 72 hrs.
Cell Cycle Assay. Cell cycle progression was assed by measuring amount of DNA as described
previously in (Breeden, 1997; Fortuna et al., 2001; Crider et al., 2012). Mid-log phase yeast were
synchronized by incubating cells with 10-100 µM a-factor for 2.5 hours on YPD with shaking at
30° C. Cells were released from arrest by washing with fresh YPD media and transferred to
pheromone-free media. Cells were collected and fixed in 70% ethanol 0, 20, 40, 60, 80, 100, 120,
150 and 180 mins after release from arrest. Cell cycle progression was assessed by measuring
DNA content as described previously (Breeden, 1997; Crider et al., 2012; Fortuna et al., 2001).
Briefly, cells were washed and digested with 250 µg/ml RNAse in sodium citrate buffer pH 7.5 for
2 hrs at 50°C. After RNAse digestion, cells were digested with 20 mg/ml Proteinase K for 2 hrs
at 50°C . DNA was stained resuspending cells in citrate buffer containing 16 µg/ml propidium
iodide (PI). DNA content was measured using a fluorescence-activated cell analyzer (LSRII, BD).
50,000 events were recorded for each timepoint. The percentage of G1, S and G2 phase cells
was determined using FlowJo (FlowJo LLC, Ashland, OR).
Replicative Lifespan Determination. RLS measurements were performed as described
previously (Erjavec et al., 2008) without alpha-factor synchronization. Frozen yeast strain stocks
(stored at -80°C) were grown on YPD plates at 30°C, and rho0 cells were obtained by ethidium
bromide treatment as previously described. Single colonies of each yeast strain were suspended
in liquid YPD and grown at 30°C with shaking to mid-log phase (OD600 0.1-0.3). A 2-µL aliquot of
cell suspension was applied to a YPD plate. Small-budded cells were isolated and arranged in a
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matrix using a micromanipulator mounted on a dissecting microscope (Zeiss, Thornwood, NY or
Singer Instruments, Watchet, UK). When the small buds completed growth, their mother cells
were removed and discarded, and the remaining daughter cells were named virgin mother cells.
After each replication, the new bud was removed and discarded. This was continued until all
replication ceased. The mean generation time and number of daughter cells produced by each
virgin mother cell were recorded.
Assessing mitochondrial function using mitochondria-targeted roGFP. Mitochondrial redox
state was measured as previously described in (McFaline-Figueroa et al., 2011). Strains were
transformed with a centromeric plasmid expressing mito-roGFP1 targeted to mitochondria using
the ATP9 mitochondrial targeting sequence prior to EtBr treatment. After EtBr treatment as
described previously, ~40-50 small rho0 colonies and ~ 8-10 large rho0 colonies were selected
and grown for 12 hrs on selective media to obtain unadapted and adapted cells respectively.
Images were acquired with an Axioskop 2 microscope equipped with 100x/1.4 Plan-Apochromat
objective (Zeiss, Thornwood, NY) equipped with an Orca-ER cooled CCD camera (Hammatsu)
and a pE-4000 LED illumination system (coolLED, Andover, UK) and NIS Elements 4.60 Lambda
software (Nikon, Melville, NY). Oxidized and reduced channels were excited using an 365 nm
LED and a 470 nm LED with a ET470/40x filter, respectively. All channels were acquired with a
modified GFP filter (Zeiss filter 46 HE without excitation filter, dichroic FT 515, emission 535/30).
Images were deconvolved using a constrained iterative restoration algorithm at 507 nm excitation
wavelength over 100% confidence interval with 60 iterations using Volocity 6.3 (Perkin-Elmer,
Waltham, MA). Reduced:oxidized ratio channel was calculated by dividing the intensity of the
reduced channel (λex=470nm,λem=525nm) by the intensity of the oxidized channel (λex =365nm,
λ em =525nm) after background subtraction and thresholding for each channel individually.
RNA Sequencing. Transcriptome was analyzed as previously described in (Vevea et al., 2015).
RNA was extracted from mid-log phase adapted and unadapted rho0 yeast cells using the RNeasy
kit (Qiagen, Germantown, MD). RNA quality was analyzed with Agilent 2100 Bioanalyzer using a
Plant RNA Nano chip and only RNA samples with RNA Integrity Number (RIN) scores > 9 were
used for subsequent RNA-Seq. The mRNA library was generated using Illumina TruSeq RNA
prep kit after poly-A pull-down enrichment of mRNA from total RNA samples. RNA-Seq was
performed on an Illumina HiSeq2500 generating 200m 100-bp single-end reads per lane, with 10
samples multiplexed per lane (average 30m raw reads per sample) by the Columbia Genome
Center. Data was analyzed using Tophat, Cufflinks, and Cuffdiff protocol as described on the
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Galaxy platform (Afgan et al., 2016). Differential expression was analyzed with DESeq2, an opensource differential gene expression analysis based on the negative binomial distribution (Love et
al., 2014). Differentially expressed genes were then analyzed using Funspec to group the large
sets of up-regulated and down-regulated genes into gene ontology (GO) terms (Robinson et al.,
2002).
cDNA synthesis and quantitative PCR. RNA was extracted from mid-log phase unadapted and
adapted rho0 cells using the RNeasy kit (Qiagen, Germantown, MD). RNA quality was analyzed
as previously described and only RNA samples with RNA Integrity Number (RIN) scores > 9 were
used for subsequent RT-PCR analysis. Genomic DNA contamination was removed from RNA
samples with TURBO DNA-free Kit (Ambion, Carslbad, CA). 1 µg of DNA-free RNA was used for
cDNA synthesis performed with SuperScript IV First-Strand Synthesis System (Invitrogen,
Waltham, MA). cDNA was diluted and used for quantitative PCR reaction with PowerUp SYBR
Green Master Mix (Applied Biosystems, Carlsbad, CA) for adapted and unadapted samples.
Primers for qPCR were designed with NCBI Primer Blast (www.ncbi.nlm.nih.gov/tools/primerblast/) with a PCR product size of 100 bp and max Tm difference of 2°C. Primer specificity and
amplification efficiency for each primer set were validated with a standard curve. ACT1 was
amplified with 5’ TCGCCTTGGACTTCGAACAA 3’ and 5’ CAAAGCTTCTGGGGCTCTGA 3’,
PAU8 with 5’ TTGCTCCAGACCAAGTGACC 3’ and 5’ CACTGGAGATGGCTGGCTTT

3’,

PAU24 with 5’ GGTATTGCCCCAGACCAAGT 3’ and 5’ GCACTAGAGATGGCTGGCTT 3’,
DAN1 with 5’ GTACTGACAGCACCGTCACA 3’ and 5’ GCTTTGGAGGAGACTGGCTT 3’ and
TIR3 with 5’ TCTGCTACCTCCAAGAACGC 3’ and 5’ ATAAGAGCATAGCAGCGGCA 3’. For
each specified gene, ΔCT was calculated as CT target gene-CTactin, while fold change was calculated
as 2-ΔΔCT with actin serving as the endogenous control for each sample. For each gene-sample
pair, a no-template control (NT) and non-reverse-transcriptase control (NRT) were performed to
control for genomic DNA contamination.
DHE superoxide staining. Mitochondrial superoxide was visualized by staining live cells with
dihydroethidium (DHE) as previously described in (McFaline-Figueroa et al., 2011). Mid-log yeast
cells propagated on SC liquid medium were incubated with 40 µM DHE dissolved in DMSO
(Molecular Probes, Eugene, OR) for 30 min at 30°C, washed 2x with SC and imaged without
fixation (McFaline-Figueroa et al., 2011). DHE was excited using a 561 nm LED and imaged with
the microscope previously described with a dual eGFP/mCherry cube (59222, Chroma, Bellows
Falls, VT). DHE images were deconvolved using a constrained iterative restoration algorithm at
610 nm excitation wavelength over 100% confidence interval with 60 iterations using Volocity 6.3.
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Statistical methods and data representation. All data was analyzed for normal distribution with
the D’Agostino and Pearson normality test. p values for simple two-group comparison were
determined with a two-tailed Student’s t test for parametric distribution and Mann-Whitney test for
non-parametric data. For multiple group comparisons, p values were determined with a 1-way
ANOVA with Tukey’s post-hoc test for parametric distributions and Kruskal-Wallis test with Dunn’s
post-hoc test for non-parametric distributions. The Log-rank (Mantel-Cox) test was used to test
statistical significance between RLS survival curves. GraphPad Prism7 (GraphPad Software) was
used to conduct all statistical analysis and to create all graphs. Bar graphs show the mean and
SEM; in box and whiskers graphs, the box represents the middle quartile, the midline represents
the median and whiskers show the minimum and maximum values. For RLS graphs, survival
graphs are shown where the remaining percentage of viable cells is plotted over generation
number. For all tests, p values are classified as follows: *, p < 0.05; **. p < 0.01; ***, p < 0.001;
****, p < 0.0001, unless otherwise noted in the figure legends.
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Supplementary Information

Figure S1. Yeast adapt to loss of mtDNA induced by deletion of mgm1Δ. (A)
Representatives images of colonies arising from cells derived from WT rho+ , an mgm1Δ rho0
small colony (unadapted, UA) and an mgm1Δ rho0 large colony (adapted, A). (B) Growth rates of
rho+ cells and unadapted (rho0 UA) and adapted (rho0 A) rho0 mgm101Δ cells. Graphs show
pooled average ± SEM of maximum OD600/hr from 3 independent experiments. (n= 6-16
replicates per condition; *, p< 0.05; and ****, p < 0.0001 by 1-way ANOVA with Tukey post hoc
test). (C) Percentage of unadapted and adapted colonies, according to colony area criteria used
in Figure 1A, from mgm1Δ rho0, rho0 UA and rho0 A source from early (newly generated rho0 cells)
and late (subcultured rho0 cells) passage. (n=202-604 colonies per condition)
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Figure S2. Loss of mtDNA does not affect asymmetric inheritance of mitochondria and
inheritance of fitter mitochondria by yeast daughter cells. Reduced:oxidized mito-roGFP
ratios were determined in the bud (B) and mother (M) of WT rho+, rho0 UA, and rho0 A cells. Box
indicates to the middle quartile with the midline representing the median and whiskers show the
minimum and maximum values. Representative trial from 3 independent experiments. (n= 84104 for each condition; **, p<0.01; ***, p < 0.001, by Wilcoxon rank paired test)
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Figure S3. Loss of mtDNA reduces mitochondrial superoxide production in unadapted and
adapted rho0 cells. Mitochondrial superoxide generation was visualized with DHE as described
in Experimental Procedures in WT rho+, rho0 UA, and rho0 A cells. Mitochondria were visualized
using Cit1p-GFPenvy tagged at the endogenous chromosomal locus. Scale bar = 2µm.
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Figure S4. Validation of RNA-Seq by RT-PCR showing subtelomeric and centromeric gene
silencing in adapted rho0 cells. Graph showing raw average ΔCT (CT target gene-CTactin) ± SD for
rho0 UA and A cells for the subtelomeric genes shown in Figure 3C. (n=3 independent trials; **,
p< 0.002 with Student’s t test)
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