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Abstract In eukaryotic cells, cellular homeostasis requires
that different organelles respond to intracellular as well
as environmental signals and modulate their behavior as
conditions demand. Understanding the molecular mecha-
nisms required for these changes remains an outstanding
goal. One such organelle is the lysosome/vacuole, which
undergoes alterations in size and number in response to
environmental and physiological stimuli. Changes in the
morphology of this organelle are mediated in part by the
equilibrium between fusion and fission processes. While
the fusion of the yeast vacuole has been studied inten-
sively, the regulation of vacuolar fission remains poorly
characterized by comparison. In recent years, a number of
studies have incorporated genome-wide visual screens and
high-throughput microscopy to identify factors required
for vacuolar fission in response to diverse cellular insults,
including hyperosmotic and endoplasmic reticulum stress.
Available evidence now demonstrates that the rapamycin-
sensitive TOR network, a master regulator of cell growth,
is required for vacuolar fragmentation in response to stress.
Importantly, many of the genes identified in these studies
provide new insights into potential links between the vacu-
olar fission machinery and TOR signaling. Together these
advances both extend our understanding of the regulation
of vacuolar fragmentation in yeast as well as underscore
the role of analogous events in mammalian cells.

Communicated by M. Kupiec.

< Ted Powers
tpowers @ucdavis.edu

Department of Molecular and Cellular Biology, College
of Biological Sciences, University of California, Davis, One
Shields Ave., Davis, CA 95616, USA

Keywords TORCI - ER stress - Vacuolar fission

Introduction

Eukaryotic cells are defined by the presence of distinct
membrane-bound organelles that carry out specialized
cellular functions. Proper homeostasis requires that these
organelles respond to diverse metabolic and stress-related
signals to modulate their behavior and maintain proper
cellular function. Understanding these responses and the
mechanisms involved is thus important for a full descrip-
tion of the behavior of normal cells as well as for an under-
standing of the basis of different human diseases. In this
regard, studies in model organisms continue to play an
indispensible role in the advance of our understanding of
these important events within cells.

In budding yeast, Saccharomyces cerevisiae, the vacu-
olar compartment is analogous to the mammalian lyso-
some and is the degradative compartment of the cell,
specifically as the site of proteolysis as well as micro-
and macroautophagy. As such, the vacuole/lysosome
functions in processes critical to maintenance of cel-
lular homeostasis, including detoxification of the cyto-
plasm, maintenance of cellular pH, response to osmotic
shock and nutrient depravation, and storage of ions and
metabolites (Li and Kane 2009). Vacuolar morphology is
intimately linked to its function as the size and volume
of this dynamic organelle change in response to environ-
mental and stress conditions (Bonangelino et al. 2002;
Kim et al. 2012; Stauffer and Powers 2015) (Fig. 1).
Similarly, loss of proper lysosomal function has been
implicated in various human disorders including neuro-
degenerative diseases and cancer (Kirkegaard and Jaat-
tela 2009; Zhang et al. 2009).
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Fig. 1 Vacuolar morphology is responsive to cellular stress. a Model
of changes in vacuolar morphology mediated by an equilibrium
between fission and fusion processes. Under hypo-osmotic condi-
tions, rapamycin treatment, or nutrient limitation, vacuoles are one
large organelle. In response to hyper-osmotic, ER, and lactic acid
stress, vacuoles fragment into multiple, smaller organelles. b Visu-
alization of vacuolar morphology using FM4-64. WT (W303a) cells
were treated overnight with FM4-64, then live cells were imaged fol-
lowing treatment with DMSO (normal), 1 pg/mL Tm (ER stress),
and 200 nM rapamycin (nutrient limitation)

The vacuole/lysosome are multi-copy organelles, where
wild-type yeast contains between one and four vacuoles,
depending upon strain background, while mammalian
cells contain several hundred lysosomes under normal
growth conditions (Banta et al. 1988; Luzio et al. 2007).
Upon nutrient limitation or hypotonic conditions, both
vacuoles and lysosomes become enlarged and their copy
number reduced, with yeast containing essentially one
large vacuole (Baba et al. 1994) (Fig. 1). Conversely, under
hyperosmotic or acid stress, vacuoles undergo asymmet-
ric fragmentation resulting in smaller and more numerous
organelles (Bonangelino et al. 2002; Suzuki et al. 2012;
Zieger and Mayer 2012) (Fig. 1). In yeast, alterations in
vacuolar size and number are suggested to be regulated by
an equilibrium between vacuolar fusion and fission pro-
cesses (Baars et al. 2007). While the steps and molecular
players involved in vacuolar fusion have been well char-
acterized, the vacuolar fission process remains poorly
defined and the molecular machinery responsible for fis-
sion remains largely uncharacterized. In addition, for the
few components that have been identified, their require-
ment for vacuolar fragmentation appears to vary depending
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on the precise stimuli, further complicating our under-
standing of this process (Bonangelino et al. 2002; Zieger
and Mayer 2012). Recent studies are now addressing this
important area of research. For example, novel stimuli that
induce vacuolar fission have been uncovered as we recently
demonstrated that vacuolar fission occurs in response to
stress within the endoplasmic reticulum (ER). Further-
more, a role for TORC1 in the vacuolar fission process has
been solidified by recent findings that ER stress-induced as
well as hyperosmotic stress-induced vacuolar fragmenta-
tion requires components of the rapamycin-sensitive TOR
signaling network (Michaillat et al. 2012; Ho and Gasch
2015; Stauffer and Powers 2015). Additionally, by employ-
ing in vivo genome-wide visual screens, recent studies have
identified several new molecular players involved in vacu-
olar fission (Michaillat and Mayer 2013; Stauffer and Pow-
ers 2015). Importantly, these studies provide evidence that
ER stress stimulates fission in a manner that is overlapping
yet distinct in comparison to other forms of cellular stress
(Stauffer and Powers 2015).

Inducers of vacuolar fragmentation

Vacuolar fission is known to occur in response to hyperos-
motic stress, acid stress, and at distinct stages of the cell
cycle (Bonangelino et al. 2002; Weisman 2003; Suzuki
et al. 2012). In response to hyperosmotic shock, water is
release from the vacuolar compartment to maintain osmotic
homeostasis following the increased solute concentration in
the cytoplasm (Bonangelino et al. 2002; Weisman 2003).
Fission of the vacuolar membrane under these conditions
maintains the proper surface area to volume ratio of the
vacuolar compartment and occurs rapidly, within 10 min
of hyperosmotic shock. Addition of lactic and hydrochlo-
ric acid to yeast growth medium also results in vacuolar
fragmentation, although the significance of fragmentation
in response to these conditions remains unknown (Suzuki
et al. 2012). Proper vacuolar inheritance is dependent upon
correct partitioning of the vacuolar compartment into the
daughter cell. Many early insights into vacuolar fission
were gained following screens that identified mutants una-
ble to undergo vacuolar fission and, subsequently, vacuolar
inheritance (Weisman et al. 1990; Shaw and Wickner 1991;
Gomes de Mesquita et al. 1996; Wang et al. 1996).

Recent studies have demonstrated that vacuolar frag-
mentation also occurs in response to ER stress, as cells
treated with tunicamycin (Tm), a drug that inhibits
N-linked glycosylation within the ER, also produced frag-
mented vacuoles (Kim et al. 2012; Stauffer and Powers
2015). Although the specificity and molecular basis for this
observation were not determined in the first report, our sub-
sequent study utilized both pharmacological and genetic
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approaches to determine if vacuolar fragmentation was
indeed a general result of ER stress or, rather, whether it
was a specific response to treatment with tunicamycin. ER
stress was induced using a different chemical agent, dithi-
othreitol (DTT), as well as a temperature sensitive allele of
ER oxidoreductin I, EROI, and vacuolar morphology was
examined. Disruption of Erol activity, as well as treatment
with either Tm or DTT, results in vacuolar fragmentation,
signifying that fragmentation is indeed a general response
to ER stress (Stauffer and Powers 2015). Consistent with
this conclusion, the kinetics of fragmentation was observed
to be very similar to the kinetics of activation of the ER
stress signaling pathway, the so-called unfolded protein
response (UPR). Although we do not yet understand the
physiological significance of fragmentation in response to
ER stress, an inability to undergo fragmentation in response
to Tm treatment was observed to enhance the ability of
yeast cells to undergo cell death (Kim et al. 2012).

These findings raise the question of how ER stress sig-
nals to the vacuole to induce fragmentation. Initially, it was
reasoned that one of the previously identified ER stress
response pathways would likely be involved, including
the UPR. However, we determined that mutants that are
unable to induce the UPR, specifically a deletion of the ER
transmembrane sensor kinase/nuclease IRE1 (Sidrauski
and Walter 1997; Okamura et al. 2000), still undergo vacu-
olar fragmentation in response to ER stress (Stauffer and
Powers 2015). Similarly, mutants in several additional ER
stress-specific pathways, including the ER-associated deg-
radation (ERAD) and ER surveillance (ERSU) pathways,
are also able to respond to inducers and carry out frag-
mentation. Ultimately, components of the TOR signaling
network were identified that provide the link between ER
stress and vacuolar dynamics (Stauffer and Powers 2015).

TORC1 mediates vacuolar fragmentation

TOR is a Ser/Thr kinase that regulates cellular growth
and is conserved in all eukaryotes examined to date. Bud-
ding yeast possesses two TOR proteins, Torl and Tor2,
that provide the mechanistic center of two distinct protein
complexes, termed TOR complexes 1 and 2 (TORC1 and
TORC2, respectively) (Loewith and Hall 2011). TORCI is
composed of either Torl or Tor2, Tco89, Kogl, and Lst8,
and is enriched at the vacuolar membrane, where it regu-
lates a diverse range of cellular processes in response to
nutritional cues as well as stress conditions (Barbet et al.
1996; Powers and Walter 1999; Urban et al. 2007; Binda
et al. 2009; Michaillat et al. 2012; Betz and Hall 2013;
Jin et al. 2014; Jiang 2016). TORCI signaling is mediated
through at least two major effector branches that include
(1) the AGC kinase Sch9 and (2) a protein phosphatase

complex that contains an essential regulatory protein Tap42
(Urban et al. 2007; Huber et al. 2009).

TORCI1 has been implicated in vacuolar fragmenta-
tion, as multiple studies have found that treatment with
rapamycin, a specific inhibitor of TORCI, blocks both
hyperosmotic and ER stress-induced vacuolar fragmenta-
tion (Michaillat et al. 2012) (Stauffer and Powers 2015).
In response to ER stress, loss of function mutations within
both downstream effector branches, including deletion
of SCH9 or temperature sensitive alleles of the essen-
tial TAP42 gene, also block vacuolar fragmentation in the
presence of ER stress, suggesting that both these TORC1
branches are required for fragmentation. Conversely, Sch9
and Tap42 are not necessary for hyperosmotic stress-
induced vacuolar fragmentation, although the phosphatase
downstream of Tap42, Sit4 is required for fragmentation
under both conditions (Michaillat et al. 2012; Stauffer and
Powers 2015). Based on these findings, it is likely that
TORCI is involved in a distinct ER stress-induced signal-
ing pathway that is required for vacuolar fragmentation.

An important question is whether TORC1 signaling is
activated under ER stress conditions, as has been proposed
for salt-induced vacuolar fragmentation (Michaillat et al.
2012). Results obtained thus far suggest that ER stress does
not in fact affect TORC1 activity, indicating that ER stress
and TORC1 may function in parallel to influence vacuolar
morphology (Stauffer and Powers 2015) (Fig. 2). Similar
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Fig.2 Model for ER stress-induced vacuolar fragmentation. ER
stress and TORCI are likely to act in parallel to influence vacuolar
morphology. While components downstream of ER stress remain
to be identified, both TORC1 effector branches mediated by Tap42/
Sit4 and Sch9 are known to be required for vacuolar fragmentation
incited by ER stress. Additionally, Vph2, an assembly factor for the
V-ATPase, as well as the V-ATPase itself is also required for ER
stress-induced vacuolar fragmentation. Interestingly, the V-ATPase is
required for vacuolar fission in response to ER stress; however, this
role appears to be distinct from its role in maintaining acidification of
the vacuolar compartment. At present, the potential role of Sch9 and/
or Tap42/Sit4 in Vph2 regulation remains speculative, and is based
upon TORC1-dependent changes in Vph2 localization in response to
ER stress in a TORC1 dependent manner
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findings have also been reported recently by the Cunning-
ham group (Kim and Cunningham 2015).

Vacuolar membrane localization of TORC1

Cellular fractionation and localization studies of TORCI1
components have shown that TORCI1 is enriched at the
vacuolar membrane (Reinke et al. 2004; Aronova et al.
2007; Urban et al. 2007; Sturgill et al. 2008; Binda et al.
2009). Because the vacuole is known to be a major com-
partment for nutrient storage and TORC1 responds to nutri-
tional cues, it has become appreciated that localization of
TORCI to this compartment likely represents an important
aspect of nutrient regulation within this pathway. Likewise,
activation of mammalian TORC1 (mTORCI1) by amino
acids has been shown to require the regulated movement of
mTORCI from an endosome-like compartment to the lyso-
somal membrane, a process that requires the activity of the
Rag GTPases (Sancak et al. 2010).

In yeast, association of TORC1 with the vacuolar mem-
brane does not appear to change in response to nutrient sta-
tus (Binda et al. 2009). Therefore, the possible regulation of
TORCI activity at the vacuole in yeast remains somewhat
of a puzzle. It has been observed that TORC1 dissociates
from the vacuolar membrane during heat stress, which is
proposed to negatively regulate its function (Takahara and
Maeda 2012). However, we observed that TORC1 remains
associated with fragmented vacuoles under ER stress con-
ditions (Stauffer and Powers 2015). This observation leads
us to speculate that TORC1 functions at the vacuolar mem-
brane to facilitate fission in response to ER stress.

A recent study has revealed that components of TORC1
are localized to so-called ER-vacuole membrane contact
sites (MCS) (Murley et al. 2015), suggesting the possibility
that direct communication between these organelles may
convey information regarding ER stress to TORC1 and/or
the vacuolar membrane directly. A comprehensive under-
standing of TORC1 localization at the vacuole and its pos-
sible connection to ER-vacuole MCS is an area of ongoing
study.

Identification of factors involved in vacuolar
fission

To gain insight into the molecular machinery required for
vacuolar fragmentation, two groups have performed for-
ward in vivo genome-wide visual screens to identify fac-
tors that are involved in fragmentation following ER and
hyperosmotic stress (Michaillat and Mayer 2013; Stauffer
and Powers 2015). Protocols were used that allowed sam-
pling of vacuolar morphology using a high-throughput
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fluorescence microscope in a time resolved manner fol-
lowing the addition of ER stress- and hyperosmotic stress-
inducing agents (Fig. 3). Using this technique, the yeast
haploid deletion collection (Giaever et al. 2002) was ana-
lyzed and mutants deficient in fragmentation following ER
stress and hyperosmotic stress were identified. A compari-
son of the results of these screens by meta-analysis yielded
an overlapping yet non-identical set of proteins required for
both ER stress- and hyperosmotic stress-induced vacuolar
fragmentation.

Our screen identified 315 genes required for vacuolar
fragmentation following ER stress (Stauffer and Powers
2015). These candidate genes were ranked according to the
severity of their fragmentation defects, and the top “hits”,
along with a number of other candidate genes known to
be involved in cellular signaling, were subjected to a more
rigorous individual inspection of vacuolar morphology. We
identified genes implicated in vacuolar fission in response
to hyperosmotic stress, including the vacuolar ATPase
(V-ATPase), TORC1 signaling components, members of
the AP-3 adaptor complex, as well as genes involved in
phosphatidylinositol 3,5 bisphosphate [PI1(3,5)P, biosyn-
thesis (Michaillat and Mayer 2013; Stauffer and Powers
2015)]. Additionally, we identified genes that appear to be
unique to ER stress, including genes involved in assembly
of the V-ATPase as well as novel proteins localized to the
ER and Golgi.

Interplay between TORC1 and the vacuole

Many of the genes required for vacuolar fragmentation
identified in these visual screens have been implicated
independently in the regulation of TORC1, suggesting that
they may form part of the pathway that links ER stress to
TORCT activity. Conversely, these screens also identified
factors that TORC1 has been proposed to regulate. These
findings underscore the extent to which TORC1 function
and vacuolar dynamics are likely to be interconnected.
Regulation of TORCI activity is remarkably complex
and influenced by many factors, including nutrient avail-
ability, temperature, osmotic conditions, redox stress, and
caffeine (Kuranda et al. 2006; Reinke et al. 2006; Urban
et al. 2007; Binda et al. 2009). The vacuolar GTPase EGO
complex, Ego3, was identified in our screen as impor-
tant for vacuolar fragmentation in response to ER stress
(Stauffer and Powers 2015). The EGO complex consists
of members of the Ras-like family of small GTPases Gtrl
and Gtr2, as well as Egol, Ego2, and Ego3, which have
unknown molecular functions but are probably orthologous
to mammalian Ragulator components (see below) (Gao and
Kaiser 2006; Binda et al. 2009; Powis et al. 2015). Discov-
ery of this complex has provided insight into the regulation
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Fig. 3 Genome-wide screen for genes involved in ER stress-induced
vacuolar fragmentation. Approximately, 5000 strains contained in the
yeast haploid deletion collection were grown overnight (16 h) in YPD
medium containing 1 pM FM4-64. Cells were diluted 1:25 in fresh
medium for 3 h to allow for logarithmic phase growth, after which
ER stress was induced by adding YPD medium containing 1 pg/mL
Tm. Treated cells were transferred to glass bottomed microscopy
plates treated with concanavalin A and imaged using the CellVoy-
ager CV1000 confocal system, using a 60A ~water immersion objec-

of TORCI activity and has been proposed to couple amino
acid signals to TORC1 (Gao and Kaiser 2006; Binda et al.
2009; Powis et al. 2015). Similarly, the mammalian Ragu-
lator complex consists of components that recruit mMTORC1
in mammalian cells to the lysosomal membrane for activa-
tion. TORCI activity is sensitive to the nucleotide-binding
state of Gtrl, where Gtrl1™/Gtr26PP activates TORCI,
while the opposite GTP/GDP-bound configuration is pro-
posed to inactivate TORC1 (Binda et al. 2009). The EGO
complex is anchored to the vacuolar membrane by both
palmitoylation and myristolation of Egol, as well as by
the fact that Ego3 is a transmembrane protein. Interactions
between EGO and TORC1 have been identified as Gtr1S™
associates with both Tco89 and Kogl in a nutrient-sensi-
tive manner (Binda et al. 2009). How the EGO complex,
specifically Ego3, influences TORC1 to influence vacuolar
morphology remains to be determined.

Interestingly, Vam6, the guanine exchange factor (GEF)
for Gtrl, is also a component of the homotypic vacu-
olar fusion and protein sorting (HOPS) tethering complex
utilized during homotypic vacuolar fusion (Binda et al.
2009) and, moreover, is suggested to function upstream
of TORC1 (Takahara and Maeda 2012; Kingsbury et al.
2014).
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tive. Deletion strains with 50 % or more of cells within the popula-
tion containing a defect in vacuolar fragmentation (non-fragmented)
were considered to be candidate hits. Potential hits from the initial
pass were re-arrayed using a RoToR robot to form a new library of
candidate hits that was assayed twice more as described above and, in
addition, following treatment with 25 pM DTT. 315 strains that con-
tained cells with >50 % non-fragmented vacuoles were considered
hits and manually grouped according to their cellular function

Similarly, components of the class C core vacuole-endo-
some transport (CORVET) endolysosomal membrane traf-
ficking complex, which has been implicated in vacuolar
fission, is also thought to regulate TORCI1 activity (Kings-
bury et al. 2014). The link between the vacuole, TORCI,
and the HOPS and CORVET complexes is extended by the
evidence that deletion of these complexes leads to vacuolar
acidification defects, as well as the inability of the cell to
resume growth after rapamycin treatment (Kingsbury et al.
2014). Interestingly, both these phenotypes are rescued by
overexpression of Vph2, a V-ATPase assembly factor that
is also implicated in vacuolar fission (Bachhawat et al.
1993; Kingsbury et al. 2014). We demonstrated that Vph2
is required for ER stress-induced vacuolar fragmentation,
and that this protein undergoes changes in localization in
a TORCl1-dependent manner (Stauffer and Powers 2015).
The molecular mechanism of TORCI1 regulation by these
complexes, as well as the relationship of Vph2 to TORCI,
remains to be characterized.

Members of the vacuolar ATPase (V-ATPase), which
acidifies the vacuole, were also identified as required for
ER stress-induced vacuolar fragmentation. The V-ATPase
has been implicated in both vacuolar fission and fusion
processes as deletion of specific components results in
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either fusion or fission defects (Baars et al. 2007). How-
ever, whether the role of the V-ATPase is simply to provide
acidification of the organelle during fission and fusion or an
alternative process that requires its presence at the vacuolar
membrane remains somewhat controversial (Coonrod et al.
2013). Additionally, recent studies in mammalian cells and
yeast have shown that the V-ATPase influences TORC1
activity. In mammalian cells, the V-ATPase is necessary
for mTORCI activation in response to amino acids (Zoncu
et al. 2011). Interestingly, in yeast, the V-ATPase is thought
to be stabilized by phosphatidylinositol 3,5 bisphosphate
PI(3,5)P, (Li et al. 2014), which also influences TORC1
activity.

PI(3,5)P, is a low abundant phospholipid that increases
in response to hyperosmotic shock (Bonangelino et al.
2002) and, moreover, is required for vacuolar fragmenta-
tion in response to hyperosmotic and ER stress as well as
in response to changes in the cell cycle. Recently, PI(3,5)
P, has also been shown to influence TORC1 activity in both
yeast and mammalian cells. Deletion of genes that medi-
ate PI(3,5)P, synthesis in yeast (FABI, VAC7, VAC14) or
their counterparts in mammalian cells (PIKFYVE, VAC14
or FIG4) have decreased TORCI activity as assessed by
hypersensitivity to rapamycin, and decreased phospho-
rylation of the TORCI1 substrates Sch9, Nprl, Atgl3, and
mammalian S6K (Bridges et al. 2012b; Jin et al. 2014).
Increased PI(3,5)P, levels restore TORCI activity of these
mutants in yeasts, clarifying the role of PI(3,5)P, in reg-
ulation of TORCI activity (Jin et al. 2014). Additionally,
insulin and amino acid stimulation increase PI(3,5)P, lev-
els in mammalian cells (Bridges et al. 2012b). Although
phosphorylated phosphoinositides often recruit proteins to
specific membranes to modify their function, yeast TORC1
components remain localized to the vacuolar membrane
regardless of PI(3,5)P, levels (Jin et al. 2014). Interestingly,
while PI(3,5)P,-dependent changes in localization of the
Kogl were not evident, artificial tethering of this TORCI
subunit to the vacuolar membrane partially suppressed
rapamycin hypersensitivity of PI(3,5)P,-deficient strains
(Jin et al. 2014). Similarly, interactions between raptor, the
mammalian Kogl homolog, and PI(3,5)P, may partially
mediate its interaction of with the lysosomal membrane
as well as play a role in activation of mTORC1 (Bridges
et al. 2012b). Additionally, in certain cell lines, mMTORC1
changes localization in response to altered PI(3,5)P, levels,
suggesting differences between yeast and mammalian cells
(Bridges et al. 2012b). Moreover, PI(3,5)P, levels modulate
recruitment of TORC1 effectors to the vacuolar membrane
as depletion of PI(3,5)P, compromises Sch9 vacuolar local-
ization, while elevated levels of PI(3,5)P, restore localiza-
tion (Urban et al. 2007; Jin et al. 2014).

Vps9 is the sole guanine nucleotide exchange factor in
yeast that mediates GDP exchange for the RabS GTPases
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(Vps21, Ypt52, Ypt53), and is required for correct locali-
zation of the CORVET complex to endosomes (Balderhaar
et al. 2013). We found that Vps9 is also required for vacu-
olar fission in response to ER stress (Stauffer and Powers
2015). Interestingly, deletion of Vps9 results in rapamycin
hypersensitivity, which is rescued by overexpression of a
Rab5 GTPase, Vps21 (Bridges et al. 2012a). Vps9 over-
expression also results in rapamycin resistance, a pheno-
type characteristic of many upstream TORCI1 regulators
(Bridges et al. 2012a). A role for Rab5 family members
and their GEF’s in TORCI regulation is conserved as Rab5
activity changes mTORCI activity in response to insulin
and amino acid signaling (Bridges et al. 2012a). Addition-
ally, Rab5 expression influences mTORCI1 localization
(Bridges et al. 2012a). Although proteins found to regulate
TORCI activity have been identified, we are still lacking a
clear understanding of how TORCI activity is controlled,
particularly in the context of association with membranes.

As described above, not only do vacuolar proteins regu-
late TORC1, but TORC1 also regulates many vacuolar pro-
cesses. TORC1 negatively regulates autophagy, the cata-
bolic process where portions of the cytoplasm are carried
to the vacuole for turnover. Similarly, piecemeal microau-
tophagy of the nucleus, a process that degrades portions of
the nuclear membrane at nuclear-vacuole junctions, is also
proposed to be regulated by TORC1 (Roberts et al. 2003).
A recent study found that TORCI1 promotes vacuolar mem-
brane permeabilization and cellular death in response to
simultaneous ER stress initiation and calcineurin inhibi-
tion (Kim and Cunningham 2015). However, the precise
relationship between TORC1 and vacuolar function with
respect to ER stress remains to be defined.

Conclusions and perspective

The physiological consequence of the inability of cells to
undergo fragmentation in response to environmental condi-
tions remains to be addressed comprehensively. In response
to increased solute concentration in the cytoplasm, the vac-
uole releases water to balance osmotic pressure that results
in a shriveling of the vacuolar membrane (Bonangelino
et al. 2002). Fragmentation of the vacuolar is thought to
occur in order to maintain the correct surface area to vol-
ume ratio of the vacuolar membrane. However, fragmenta-
tion during the cell cycle occurs to allow proper vacuolar
inheritance into the daughter cell (Weisman 2003). While
we do not fully understand why vacuoles undergo fragmen-
tation in response to ER stress, preliminary evidence sug-
gests that cells unable to undergo division under these con-
ditions are more susceptible to cell death (Kim et al. 2012).
More insight into the process of vacuolar fission, including
the signaling networks that regulate the fusion and fission
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equilibrium, the timing and location of division events, and
molecular machinery involved, is needed. Remarkably, our
examination of ER stress signaling pathways and vacu-
olar morphology excludes involvement of known ER stress
pathways and instead identifies a signaling pathway that
includes TORC1. Ongoing studies are thus aimed at further
characterization of this pathway in yeast, as well as explor-
ing the relationship between cellular stress, TOR signaling,
and lysosomal dynamics in mammalian cells.
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