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Abstract
The regulation of cellular volume in response to osmotic change has largely been studied 
at the whole cell level. Such regulation occurs by the inhibition or activation of ionic and 
organic solute transport pathways at the cell surface and is coincident with remodelling of the 
plasma membrane. However, it is only in rare instances that osmotic insults are experienced 
by cells and tissues. By contrast, the relatively minute luminal volumes of membrane-bound 
organelles are constantly subject to shifts in their solute concentrations as exemplified in 
the endocytic pathway where these evolve alongside with maturation. In this review, we 
summarize recent evidence that suggests trafficking events are in fact orchestrated by the 
solute fluxes of organelles that briefly impose osmotic gradients. We first describe how 
hydrostatic pressure and the resultant tension on endomembranes can be readily dissipated 
by controlled solute efflux since water is obliged to exit. In such cases, the relief of tension on 
the limiting membrane of the organelle can promote its remodelling by coat proteins, ESCRT 
machinery, and motors. Second, and reciprocally, we propose that osmotic gradients between 
organellar lumens and the cytosol may persist or be created. Such gradients impose osmotic 
pressure and tension on the endomembrane that prevent its remodelling. The control of 
endomembrane tension is dysregulated in lysosomal storage disorders and can be usurped 
by pathogens in endolysosomes. Since trafficking and signaling pathways conceivably sense 
and respond to endomembrane tension, we anticipate that understanding how cells control 
organellar volumes and the movement of endocytic fluid in particular will be an exciting new 
area of research.

Introduction

The control of cell size and volume has been thoroughly studied, and its major underlying 
mechanisms are becoming well-appreciated. While cell size can vary considerably between 
cell types and in different tissues, maintaining constancy to cell volume is tightly regulated; 
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cells adapt to osmotic changes in their extracellular environment to overcome cellular 
swelling or lysis [1]. Such regulation occurs by the inhibition or activation of ion transporters, 
channels, and pumps at the plasma membrane (PM) that orchestrate regulatory volume 
increase (RVI) or decrease (RVD), causing cellular swelling or shrinking respectively [2]. 
Because the PM of mammalian cells is made permeable to water through channels like 
aquaporins, water readily diffuses though the membrane [3, 4]. Due to this permeability, 
water follows an osmotic gradient either into or out of the cell during RVI and RVD (Fig. 1). 
Through a combination of active and passive ionic and organic solute transport pathways, 
together with the movement of water across membranes, cells are therefore broadly capable 
of counteracting changes in osmotic pressure and high membrane tension [1, 5]. As the PM 
can experience, but does not maintain, an osmotic gradient between the intracellular and 
extracellular space, a gross build-up of osmotic pressure on the PM is not predicted.

Fig. 1. Solute flux across membranes. Generally, the movement of water (an incompressible fluid) into and 
out of membrane-bound compartments follows the concentration gradient of solutes/osmolyte on either 
side of the membrane. Mammalian membranes are permeable to water and at steady-state (centre), the rate 
of solute influx and fluid across the membrane equals that of solute efflux. As a result, no osmotic gradient is 
established. When solute influx is greater than efflux (right), water is drawn into the compartment, but only 
to an extent accommodated by the stretch that the membrane can withstand (3-5%). Beyond that point, 
osmotic pressure yields the movement of water which generates a perpendicular tension force experienced 
across the membrane. By contrast, when solute efflux is greater than influx (left), the opposite occurs; 
osmotic pressure briefly drops and water is drawn out of the compartment. This creates conditions of low 
membrane tension as volume is lost. Graphics in the lower panels were generated using Smart Servier.
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The control of membrane tension by cells is nevertheless an essential and conserved 
mechanism that goes hand-in-hand with osmotically-imposed or -driven changes in their 
volume. Tension on the PM undergoes a major global perturbation that precedes RVI and 
RVD, and while the PM is flexible, like all mammalian membranes it does not typically stretch 
during such circumstances or beyond 3-5% [6-8]. Instead, the cell rapidly deploys various 
mechanisms in an effort to remodel the PM and recalibrate its tension. Increased membrane 
tension due to hydrostatic pressure or mechanical force results in increases in membrane 
surface area to compensate; membrane reservoirs such as invaginations or microvilli can 
be flattened or unfurled to decrease tension [9-12] or new membrane can be delivered by 
fusion from the endocytic pathway [9, 13, 14]. Sudden decreases in membrane tension, on 
the other hand, result in either the immediate internalization of excess, slack membrane to 
lower cell surface area or the stabilization of crenations to the membrane [9, 15].

All of the aforementioned principles have classically been applied to the cell surface. 
However, membrane-bound compartments in the cell (i.e. organelles) must also be regulated 
in their volume and are subject to much greater changes in solute concentrations and 
composition than the cell itself. Though remarkably understudied, organellar membranes 
are ostensibly also highly permeable to water [16-18]. There is evidence that aquaporins 
(such as AQP2) are indeed present in endocytic organelles and, together with poorly 
selective channels with large pores, allow for the unimpeded movement of water between 
the cytosol and the endocytic fluid [19-22]. Mechanisms that govern a net flux of solutes to 
and from organellar lumens, then, are expected to control osmotic pressure and tension on 
the endomembrane. The extent to which the limiting organellar membrane is under tension 
will in turn orchestrate its remodelling and traffic just as occurs at the PM. This is particularly 
evident in the endocytic pathway of cells where osmolytes are internalized and liberated 
at different stages of maturation. Moreover, in specialized cellular processes that result in 
large, quasi-spherical organelles like autophagosomes, phagosomes, and macropinosomes, 
we have proposed that solute efflux supersedes the events that drive their resolution (e.g. 
autophagic lysosome reformation or ALR, tubulation, budding, and vesiculation) [23]. 
Finally, in the secretory pathway of cells that package large cargos like mucins, collagens, or 
other extracellular matrix proteins, the control of luminal volumes is also expected to feature 
prominently in fusion, trafficking, and exocytosis. Generally, control of organellar volumes in 
the endocytic and secretory pathways is ultimately also critical for the maintenance of cell 
volume. While we focus this review on endocytic pathway in particular, we hope that the 
principles described herein will serve to broadly highlight connections between organellar 
volume control and cell volume regulation.

Endocytic pathways and resultant tension on early endomembranes

The mechanisms that drive endocytosis vary considerably, as does the membrane 
tension of nascent endosomes (Fig. 2). It has long been appreciated that tension on the PM 
itself regulates endocytic pathways [14, 24, 25]. It follows that endocytosis arising from 
low PM tension will result in nascent endosomes under low endomembrane tension. For 
example, clathrin-independent endocytic pathways (CLIC/GEEC) and macropinocytosis 
both begin with a decrease in PM tension; this membrane slack allows for the invagination 
of cargo (in the case of CLIC/GEEC) or membrane ruffling (in macropinocytosis) [26-28]. 
Decreases in PM tension that arise from the rapid delivery of membrane by focal exocytosis 
reciprocally induce endocytic programs [28-31]. The membrane tension sensors involved in 
initiating these programs are beginning to be identified and include factors such as the lipid 
raft-associated lipase, phospholipase D2 [28] and the focal adhesion protein, vinculin [27]. 
In each of these cases (i.e. CLIC/GEEC and macropinocytosis), the endosomes formed 
undergo an initial phase of rapid remodeling and recycling that is unopposed by membrane 
tension.
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Fig. 2. Endocytosis, ion flux, 
and membrane dynamics in 
early endosomes. Extracellu-
lar fluid can be internalized 
through a variety of mechan-
isms such as clathrin-media-
ted endocytosis, clathrin- 
independent endocytosis, or 
macropinocytosis, forming 
the nascent early endosome. 
As the endosome matures, 
it undergoes Ca2+-mediated 
homotypic fusion with other 
(early) endosomes and ves-
icles containing additional 
cargo and endomembrane 
channels (1). Compared to 
the cytosol, the concentra-
tions of ions such as Na+, Cl-, 
and Ca2+ are relatively high 
in the extracellular fluid and 
the resultant endosome, 
which are round and mini-
mize surface:volume. As 
membrane is recycled back 
to the surface, these ions are 
removed from endosomes to 
decrease their volume and 
prevent an osmotic pressure 
that causes membrane ten-
sion (2).  Monovalent ion flux 
occurs through the action 
of lipid-gated cation chan-
nels such as TRPML1/2/3 
and TPC1, ion co-transport-
ers such as ClCs and NHEs, 
and potentially other anion 
channels such as VRAC/CLIC. 
Lipid-gated cation efflux fur-
ther relies on the action of PIKfyve, which phosphorylates PtdIns(3)P to form PtdIns(3,5)P2, to then gate 
the conductance of cation channels TRPML and TPC. As ions are removed from the early endosome, this 
leads to osmotically-driven water loss and shrinkage of the compartment. Volume loss decreases endomem-
brane tension, creating slack in the membrane and allowing its remodeling through tubulation, vesiculation, 
and budding (3). Endocytic cargo is then sorted; Retromer and Retriever complexes recognize and sort 
cargo destined for recycling and segregate this cargo into subdomains which undergo tubulation (4). These 
tubules have a high surface:volume ratio, allowing the effective concentration of membrane-bound cell sur-
face receptors to recycle back to the plasma membrane. The forces needed for tubulation are generated by 
concerted actions of the actin cytoskeleton, including actin polymerization by WASH, and pulling forces of 
motor proteins moving along microtubules. Endomembrane tubules are coated and stabilized by curva-
ture-sensing proteins containing with BAR domains  These tubules undergo scission and vesiculation, lea-
ving behind cargo destined for degradation. Remaining cargo can be recognized by ESCRT complexes, which 
also utilize membrane slack in order to deform the membrane and generate inwardly-budding intraluminal 
vesicles (ILVs). Inward budding is supported by corkscrew-shaped protein complexes which polymerize and 
pull the membrane into narrow tubules that eventually undergo scission to form ILVs. These ILVs form the 
basis of the multivesicular late endosome, which later fuses with the lysosome for degradation.
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Clathrin-mediated endocytosis, on the other hand, can proceed even under high PM 
tension, and therefore frequently results in endosomes of higher tension. Tension on the PM 
can be overcome by clathrin assemblies that apply additional cytoskeletal forces afforded by 
the local polymerization of actin against the PM to complete pit formation and aid scission [32]. 
The curvature of the resultant clathrin-mediated endosome may even augment the tension 
on the endomembrane as compared to the already tensed PM from which it was derived [25, 
32-34], but this would also depend on where constriction and scission of the endosomal 
neck by the GTPase dynamin occurs [35]. Taken together, nascent endosomes formed from 
diverse endocytic pathways will not all have the same degree of membrane tension, a feature 
that should garner consideration when examining control of their subsequent remodelling.

Immediately upon their scission from the plasma membrane, all endosomes still undergo 
rapid recycling of membrane replete with its receptors (Fig. 2). Such remodelling supports 
“fast” recycling pathways wherein cargo (e.g. the Transferrin Receptor or the neonatal Fc 
receptor) is returned directly to the membrane by bulk membrane flows [36, 37]. It should 
be obvious, however, that without a parallel loss of fluid, such membrane recycling would 
eventually be limited, arresting when hydrostatic pressure against the endomembrane of 
the organelle builds. Moreover, the substructures that emanate from the parental organelle 
to facilitate these recycling pathways contain very small amounts of fluid. Indeed, many 
of the coat proteins that drive recycling bend and shape the endomembrane by inducing 
or stabilizing remarkably high curvature [38]. These coat proteins help to form tubular 
structures with high surface-to-volume ratios. This geometric consideration lends itself to 
maximizing the traffic of surface membrane but requires substantial volume loss. Therefore, 
an essential parameter and required feature of recycling in the early endocytic pathway is 
that it is accompanied by the efflux of osmolytes. To understand the mechanisms that drive 
solute fluxes to and from the endosome, fluid resolution, and ultimately trafficking, one must 
consider when and how solute transporters are incorporated into the endomembrane and 
how their activities are controlled therein.

Early endocytic fluid, monovalent ion efflux, and volume loss

Unlike the variances with tension on the nascent endomembrane, the sealed solutes of 
the endocytosed fluid will equal that of the extracellular fluid in most forms of endocytosis 
(Fig. 2). Exceptions would of course occur when particulate cargo –that occupies a majority 
of the endosomal volume– is internalized or if macromolecules are sorted into or out of 
endosome before its scission. Importantly, the compartment needs to lose volume since the 
volume of the endocytic pathway and that of the cell remains constant [39]. The shrinkage 
of large endosomes is in fact connected to regulations of the endomembrane tension: 
Shrinkage lowers membrane tension and the resultant high curvature and membrane slack 
serve to recruit curvature-sensing proteins that also function as sorting complexes [16]. In 
the early endocytic pathway, the mechanisms that drive volume loss are poorly understood 
but are known to involve monovalent ion efflux followed by osmotically-obliged water. 
Control of monovalent ion flux from endosomes therefore serves to couple cargo sorting to 
the formation of the substructures (e.g. tubules and vesicles) into which cargo is sorted (Fig. 
2). Some of these recycling pathways actually expel endocytosed fluid directly back to the 
extracellular medium along with the return of bulk membrane and receptors [40-43], but 
the narrow lumens of tubules and vesicles do not accommodate large volumes.

Instead, the mechanisms underlying volume regulation of endosomes bear some 
resemblance to cell volume regulation. In this compartment, fluid and ions are removed as 
other macromolecules, solutes, and cargo are distilled. The removal of endocytosed fluid 
requires a rapid decrease in the luminal osmolarity of the endosome, which needs to occur 
under electrically neutral pathways. Fortunately, the gradients between the major osmolytes 
of the endocytic fluid and that of the cytosol are steep. Extracellular concentrations of Na+ and 



Cell Physiol Biochem 2021;55(S1):1-24
DOI: 10.33594/000000318
Published online: 2 January 2021 6

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2021 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG

Chadwick et al.: Organellar Volume Regulation

Cl- (the relevant monovalent ions) are ~110-130 mM, constituting 80% of the osmoticants of 
the endocytosed fluid, while that of the cytosol are between 10-20 and 40 mM respectively 
[44, 45]. The cell takes advantage of these gradients to efflux Na+ and Cl- via channels and 
transporters down their respective gradients from the endosome to the cytosol. The ions 
and fluid must then be further expelled from the cell by pumps and channels at the plasma 
membrane. This last step may seem to cost the cell an exorbitant amount of energy, since 
ATP is at least required to move the Na+ out of the cell against its concentration gradient via 
the action of the Na+/K+-ATPase. Such efforts indeed are estimated to consume up to 50% 
of the energy used in the brain [46] and perhaps highly endocytic cells can afford the ATP. 
Moreover, it has long been appreciated that inhibition of the Na+/K+-ATPase with ouabain 
causes some cells to swell and burst, but with curious variability [47, 48]. Further studies 
investigating connections between rates of endocytosis and cell volume control by the Na+/
K+-ATPase will likely be illuminating.

Though the final steps of monovalent flux at the PM are unclear, measurements obtained 
from recycling endosomes for Cl- show a substantial drop from the nascent endosome (130 
mM) to recycling endosomes (20 mM) [49, 50] supporting a sharp decrease in [Cl-]endosome. 
Measurements of Na+ are sorely lacking and experimentally challenging to obtain [51], 
however, it was recently determined that Na+ is indeed effluxed alongside with Cl- from 
nascent endosomes [16]. This was done using cells that undergo macropinocytosis and 
therefore readily entrap bulk fluid from their surroundings. Under these experimental 
conditions, ion substitutions were performed at the time of endosome formation. Notably, 
removing monovalent ion gradients between the endocytic fluid and the cytosol not only 
ablates shrinkage of the compartments formed in specialized cell types, it also causes 
distention of endosomes formed in garden variety fibroblasts and in various tumor cells 
[16].

Na+ efflux
Na+ pumps, transporters, and channels are present in virtually all mammalian 

membranes including the PM and endomembranes. The relevant pathway for the efflux of 
Na+ from the early endosome could therefore conceivably come from the PM from which 
it is derived or by fusion of the nascent endosome with other endocytic compartments. 
Importantly, there must be control over such mechanisms since Na+ is pumped out of the cell 
at the PM by the Na+/K+-ATPase but exchanged inward for H+ by Na+-H+ exchangers (NHEs). 
The plasma membrane Na+/K+-ATPase can be readily endocytosed and, if still active, would 
serve to increase rather than decrease the luminal concentration of Na+. Instead, the pump 
is thought to be inactivated upon internalization [52-54]. While these studies focused on 
the phosphorylation that led to the internalization of the pump, mechanisms that arrest the 
pump upon its endocytosis are less clear. Interestingly, the pump is regulated by tonicity; 
increasing the osmolarity of the medium inhibits the activity of the pump while cell swelling 
causes its stimulation [55].

NHEs normally found at the PM are also endocytosed, and therefore present in 
early endosomes, but their endocytosis can be limited by tethering to the cortical actin 
cytoskeleton [56]. Still, NHE3, for example, has been shown to remain active upon clathrin-
mediated endocytosis [57]. Since the normal function of plasma membrane-resident NHEs 
is to extrude H+ in exchange for Na+, they may continue this exchange in the endosome to 
contribute to its early acidification [57-60]. Of note, however, the exchange activity of NHE3 
is regulated by its association with ezrin, a PtdIns(4,5)P2 and actin binding protein [61]. 
Given the rapid loss of PtdIns(4,5)P2 upon scission of nascent endosomes, H+-exchange by 
this particular NHE may be limited to very brief periods of time. Importantly, both NHE3 and 
the Na+/K+-ATPase are recycled back to the plasma membrane from the early and sorting 
endosome [54, 58].

How then is Na+ fluxed out of the early endosome? Clues have come from investigating 
the phosphoinositides (PtdIns) that regulate the process altogether. Among those, PtdIns 
phosphorylated at the D3 position – namely PtdIns(3)P and PtdIns(3,5)P2 – have been 
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shown to play an essential role in intracellular [Na+] regulation, endomembrane trafficking, 
sorting, and the control of endolysosomal/vacuolar volume [16, 62, 63]. PtdIns(3)P is quickly 
generated on the cytosolic leaflet of the early endosome by a class III PI3-kinase called 
vacuolar protein sorting 34 (VPS34). In mammalian cells, the recruitment and activation 
of the kinase is orchestrated by Rab5, a small GTPase that is reviewed elsewhere [64]. 
Importantly, PtdIns(3)P attracts effectors that harbour a FYVE domain including the 
early endosomal marker, EEA1. EEA1 supports the fusion of early endosomes with other 
compartments, which is critical since these are sources of Na+ channels (discussed below).

PtdIns(3)P also recruits the FYVE domain containing kinase aptly termed FYVE finger-
containing phosphoinositide kinase (PIKfyve). PIKfyve can then phosphorylate PtdIns(3)P 
to generate PtdIns(3,5)P2, which is a rare lipid species found on endomembranes [62, 63, 65-
67]. The scarcity of PtdIns(3,5)P2 is largely owed to the fact that PIKfyve is in a complex with 
the 5-phosphatase, Fig4 [68]. Despite its low abundance, PtdIns(3,5)P2 is perhaps the master 
regulator of endosome and lysosome volume: Cells defective in PIKfyve or its homologue 
in yeast, Fab1 show grossly enlarged endosomes, lysosomes, and vacuoles [69-76]. Specific 
inhibitors that prevent the activation of PIKfyve in mammalian cells also lead to rapid swelling 
of endocytic compartments, including early endosomes and lysosomes. PtdIns(3,5)P2 
production is also sensitive to osmotic perturbations to the cell, suggestive of its role in 
the osmoregulation of the endocytic pathway [63]. In yeast, levels of the phosphoinositide 
dramatically increase when cells are exposed to hyperosmotic medium. The response 
of the vacuole is to quickly shrink and undergo fragmentation, processes dependent on 
PtdIns(3,5)P2[63, 68].

Given these observations in yeast and the fact that the inhibition of PIKfyve causes 
swelling of lysosomes even in mammalian cells that do not endocytose large volumes, it 
seems likely that PtdIns(3,5)P2 plays distinct roles in early and late compartments. In cells 
that readily endocytose large volumes (e.g. those employing macropinocytosis), PIKfyve 
inhibition blocks the resolution of ingested fluid from the early endosomes and even leads to 
massive volume gain of the cells [16]. With this observation in hand, it would seem plausible 
that PtdIns(3,5)P2 is required for monovalent ion efflux.

Indeed, the best characterized effectors or targets of PtdIns(3,5)P2 are channels found in 
endomembranes including Transient Receptor Potential Cation Channel, Mucolipin Subfamily 
(TRPML) and Two Pore Channels (TPCs). TRPMLs are a family of lipid-gated cation channels 
of the endocytic pathway involved in the efflux of Na+ and Ca2+, thereby playing a role in 
endosome volume regulation and trafficking. Very recently, TRPML2 was also identified as 
being mechanosensitive, outwardly conducting cations in response to osmotic pressure and 
mechanical strain on the membrane [77].

Mechanical strain caused by swelling on the endomembrane augmented the gating of 
TRPML2 by PtdIns(3,5)P2. This affords the cell two means by which endomembrane channels 
can respond to osmotic shifts: 1) the pressure can mechanically gate endomembrane TRP 
channels and 2) kinases that sense the ionic strength of the cytosol can generate lipid species 
that gate these (and other) channels.

The small TPC family contains three TPC isoforms in mammals – TPC1, 2, and 3 – with TPC1 
and 2 being the most ubiquitously expressed and widely studied, as TPC3 is not expressed 
in humans nor mice [78, 79]. TPCs conduct monovalent and divalent cations including Na+ 
and to a lesser extent, Ca2+, and are gated by PtdIns(3,5)P2 and voltage in the case of TPC1 
[65, 79, 80]. TPC1 is found throughout the early and late endocytic pathway, while TPC2 
is found primarily at the late endosome/lysosome; both transport cations quickly down 
their concentration gradients [81]. Through cryo-EM studies, the structures of mammalian 
TPC1 and 2 have been recently determined [65, 80, 81]. Though there is surprisingly little 
sequence similarity between these isoforms, they share key structural elements: Both form 
homodimers, with each subunit containing two six-transmembrane domain repeats (6-TM I 
and 6-TM II), and both undergo PtdIns(3,5)P2 binding-induced conformational changes to 
allow ion conductance [65, 81]. When inactive, four pore-lining helices form a “constriction 
point”, preventing the passage of cations; when active, these helices rotate away from the 
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pore, creating a larger opening and likely exposing the negatively charged side chains of 
acidic residues in order to further facilitate the passage of cations [65, 81]. Interestingly, while 
TPC2 contains many of the canonical elements associated with voltage-gated activation, it 
lacks a key Arg residue found in the TPC1 voltage-sensing domain (replaced by Ile); in fact, a 
single Ile to Arg substitution confers voltage-gating [81].

These structural studies have also provided important insights into the cation selectivity 
of TPCs. Initially, TPCs were touted as NAADP (nicotinic acid adenine dinucleotide phosphate)-
gated Ca2+ release channels [82-84]. Patch-clamp studies of endolysosomal membranes 
however revealed that mammalian TPCs are primarily gated by PtdIns(3,5)P2 and while they 
may conduct Ca2+, they are significantly more selective for Na+ [65, 66, 85]. Indeed, activating 
TPCs in isolated endolysosomes using PtdIns(3,5)P2 alone results in current activation of the 
channels; by contrast, NAADP did not appear to activate the channels at all. Activation with 
PtdIns(3,5)P2 in various cation bath/ion substitution conditions demonstrated that both 
TPC1 and TPC2 were highly permeable to Na+ over other cations, and channel activation in 
isolated lysosomes was also shown to cause significant loss of Na+ from the lysosome lumen 
(but not K+) [66]. This ion selectivity of both TPC1 and TPC2 can be attributed to identical sets 
of “filter residues”; whether bound to PtdIns(3,5)P2 or not, a string of Thr-Ala-Asn (filter I) 
residues in 6-TM I and Val-Asn-Asn (filter II) in 6-TM II from each TPC monomer align to form 
an extremely narrow pathway through which Na+ can pass easily, but may exclude other 
larger cations [65]. Mutating the central Asp residue of filter II in particular can completely 
abolish its Na+ selectivity. While Na+ in the early endocytic fluid is engulfed as part of the 
extracellular fluid, sources at the lysosome are less clear but could include remnant Na+ 
from the extracellular fluid and Na+ exchanged into the lumen by lysosome-resident NHEs. 
Functional NHEs on the lysosome would further emphasize the need for Na+ efflux pathways 
throughout maturation (see section on lysosomes).

Importantly, for TPC1 to incorporate into nascent endosomes in the first place, fusion 
with other endosomes and even late endosomes is required. Like all membrane fusion steps, 
this is expected to necessitate local elevations in cytosolic Ca2+. The source of this Ca2+ could 
come from endocytosed channels like Orai1 and 2 which are activated by endoplasmic 
reticulum (ER)-resident stromal interaction molecules (STIMs). While connections have 
been made between ER Ca2+ and/or store operated calcium entry (SOCE) and endolysosomal 
fusion, details of the timing and mechanism of this process are not well understood and will 
likely be an interesting topic for future research. Another source of Ca2+ is endomembrane-
resident cation channels including the TPCs and TRPMLs [86]. In this regard, TRPMLs may 
feature as they are non-selective Ca2+ channels found in endosomes and lysosomes [87]. 
While TRPML1 is found in endolysosomes, TRPML2 and 3 are in fact found in early endosomes 
[67, 88].

Cl- efflux
With ongoing extrusion of Na+, a counter ion flux is required to maintain electroneutrality. 

While this could come with cation exchange, in order to reduce the osmolarity of the 
compartment, a parallel efflux of anions would seem advantageous. Indeed, the efflux of Cl- 
was shown to be necessary for macropinosomes, large endosomes formed in macrophages, 
to undergo maturation and osmotically-driven shrinkage [16]. Despite this, the mechanisms 
of Cl- exit from the early endosome are poorly understood in comparison to what is known 
about Na+. Cl- efflux could be provided by the ClC family of ion exchangers, which can efflux 
2Cl- ions while importing 1H+ at near neutral pH [89]. The transport here is an active process; 
it has been found that ClCs actively pump H+ into the endosome while transporting Cl- out, 
which is mediated by a single glutamate residue in the pore region (E221) [90, 91]. ClCs are 
present throughout the endocytic pathway; ClC-4 and -5 are found in the early and recycling 
endosomes [92, 93], ClC-3 and -6 are found in the late endosome [94], and ClC-7 is found in 
the lysosome [95]. Given their ubiquity, it is perhaps unsurprising that defects in ClCs can 
have broad consequences in endosomes and control of their volume.
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In addition to ClCs, other channels may also conduct Cl- across the endosomal membrane. 
Volume-regulated anion channels (VRACs) are activated during RVD and are permeable to 
Cl-, in addition to numerous other solutes and osmolytes. In patch clamp studies, VRAC/
LRRC8 was shown to conduct Cl- in hypotonic conditions [96]. Chloride intracellular 
channels (CLICs) are another possibility; they have been shown to permit Cl- flux in bone 
marrow-derived macrophages [97] and, separately, CLIC3 has been proposed to play a role 
in trafficking from the recycling endosome [98]. Despite their ability to conduct Cl-, however, 
neither CLICs nor VRACs have been definitively shown to remove Cl- from endocytic vesicles 
and drive osmotically driven shrinkage. Future studies will be needed to identify whether 
these or possibly other types of Cl- channels fulfill this role.

Monovalent ion flux and early endocytic traffic
Monovalent ion flux and TPCs/ClCs in particular have been shown to play a wide variety 

of roles in endocytic traffic, recycling, and volume regulation, suggesting major contributions 
of such fluxes in whole-cell function [16, 99]. Blocking or inhibiting TPCs in vivo, for example, 
leads to defects in the recycling of integrins as well as defective immune surveillance and 
responsiveness of resident tissue macrophages [16]. Bone marrow-derived macrophages 
from Tpcn1-/- Tpcn2-/- mice also show significant fluid trafficking defects; these mice show 
delayed macropinosome shrinkage and tubulation, likely owing to a lack of fluid efflux as 
ions were not removed from the compartments [16]. TPCs also contribute to viral entry and 
trafficking via the endocytic pathway. Enveloped viruses including Ebola and coronaviruses 
that are endocytosed and trafficked to acidic organelles prior to fusion, require TPC and 
PIKfyve activation for infection [100, 101]. Interestingly, Tpcn2-/- mice also show a profound 
susceptibility to fatty liver disease that was attributed to impaired endolysosomal liberation 
and trafficking of LDL-cholesterol [102]. This was proposed to occur at the level of endosome-
lysosome fusion, a process determined (at least in part) by Ca2+.

It seems plausible that in many of these scenarios, defects arise in regulating the 
tension across the endomembrane rather than fusogenic or tubulation machinery per se. In 
the case of fusion with the limiting host endomembrane by enveloped viruses for example, 
Ca2+ which is abundant in the lumen, is certainly not the issue. Supporting this hypothesis, 
macropinosomes or lysosomes made to swell by inhibiting PIKfyve or TPCs could be forcibly 
shrunken by increasing the tonicity of the medium; this promptly leads to tubulation of the 
compartments. Further lending supporting to this notion, the pharmacological inhibition 
of PIKfyve blocks endosome fission [75], arrests receptor recycling [103] and trafficking of 
the V-ATPase [104], impairs retrograde transport of cargoes to the TGN [72], and ultimately 
arrests the resolution of organelles that form de novo in myeloid cells like macropinosomes 
and phagosomes [105]. All of these processes proceed through membrane deformation 
events such tubulation, budding, vesiculation, and scission and require low membrane 
tension to proceed.

In parallel, impairing the chloride fluxes of early endosomes also prevents their 
normal trafficking and receptor recycling. The loss of ClC-5 in a model of Dent’s disease was 
shown to reduce membrane expression of numerous receptors and transporters, thereby 
reducing the receptor-mediated endocytosis of their respective ligands [92]. It was later 
shown that inhibition of ClC-4 or ClC-5 not only impaired trafficking of endocytic cargo, 
but also impaired “fast” recycling, likely explaining the reduced membrane expression of 
cell surface receptors seen with ClC-5 knockout. Interestingly, inhibiting these transporters 
also blocked acidification of the endosome [93]. This appears to be a common element of 
ClC perturbations; ClC-6-deficient Chinese hamster ovary cells show both Cl- accumulation 
and loss of late endosomal acidification, and siRNA knockdown of ClC-7 in the lysosome 
leads to impaired acidification as well [95]. While the late endosome and lysosome are 
more acidic than the early endosome, acidification of the early endosome is still imperative, 
particularly for the dissociation of ligands from internalized receptors [106]. The regulation 
of endolysosomal pH is mainly attributable to the V-ATPase proton pump, which moves 
protons into the maturing endosome to acidify it [107]. ClCs have been proposed to act as 
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Cl- shunts to maintain electroneutrality for the V-ATPase: Should ClCs be a major source of 
Cl- in the early endocytic pathway, the elusive outward anion current becomes even more 
critical for endocytic fluid resolution and volume control.

Membrane tension regulates endocytic remodeling and traffic
The complexes that orchestrate the formation of tubules and vesicles including Retromer, 

Retriever, and ESCRT, are all resisted by high endomembrane tension (Fig. 2). Because 
endomembrane trafficking is made to be highly dynamic by these systems – numerous fusion 
and fission events occur as endosomes mature, membrane is gained from the cell surface by 
fusion of vesicles, fission sorts cargo vectorially to its destination, and cargo is also sorted 
by inward budding to form intraluminal vesicles (ILVs) for degradation– the endomembrane 
system is highly dependent on osmoregulation and organelle volume control. Moreover, 
the sorting complexes and coat proteins that interface with tubular endomembranes do 
so via the recognition and stabilization of high curvature, events that can be mediated by 
BAR (Bin–Amphiphysin–Rvs) domain-containing proteins [108, 109]. The crescent-shaped 
BAR domains interact with the membrane either through electrostatic interactions with the 
negatively-charged surface and/or insertion of an amphipathic helix into the lipid bilayer 
itself [108-110]. These domains can then oligomerize, forming lateral and/or end-to-end 
helical assemblies that further deform the membrane, generating tubules. The generation of 
these tubules also requires the coordination of other components such as the cytoskeleton. 
The WASH complex, for example, mediates actin polymerization that helps to form tubules, 
and motor proteins such as dynein-dynactin pull the elongated tubules along microtubule 
networks. WASH is associated with both Retromer and Retriever and likely assists in cargo 
sorting and concentration in the early endosome and recycling endosome in addition to its 
role in tubulation [110].

The ability of BAR domain-containing proteins to induce high membrane curvature 
is opposed by high tension on the membrane [16, 108, 111, 112]. In conditions of high 
membrane tension, BAR domain oligomerization and assembly is reduced, thereby 
preventing tubulation. When membrane tension is decreased, such as in the case of a 
resolving endosome or the endocytic recycling compartment as solutes and fluids are 
removed from the lumen, spontaneous BAR domain recruitment and assembly is induced, 
causing tubulation [16, 108]. Osmotic pressure and tension regulation, then, is an important 
factor in the fate of early endocytic cargo.

ESCRT and endomembrane tension
As previously mentioned, cargo sorting into ILVs for eventual degradation is regulated 

by the ESCRT family of protein complexes [17, 113] (Fig. 2). ESCRT-0 primarily associates 
with the early endosome through the FYVE domain of one of its subunits (Hepatocyte growth 
factor-regulated tyrosine kinase substrate, Hrs) which binds to PtdIns(3)P [110, 113]. 
Ubiquitinated cargo recognized and bound by ESCRT-0 is sequestered into a degradative 
subdomain as ESCRT-0 begins to self-associate and recruit clathrin. ESCRT-I and -II have 
a lower affinity for ubiquitin binding but also help enrich cargo at these subdomains. 
ESCRT-III is the last to arrive; while ESCRT-III does not directly bind ubiquitin, it senses the 
accumulation of ESCRT-II and self-associates to trap cargo and generate inwardly-budding 
ILVs. These ILVs are therefore highly enriched with cargo destined for degradation and 
demarcate the beginning of the maturation from early endosomes to multi-vesicular late 
endosomes [113].

Recently, the effect of ESCRT-III on ILV formation has been directly linked to alterations 
in membrane tension [17]. The authors evaluated this using fluorescent membrane tension 
probes, FliptR [114] and Lyso Flipper [115]; these probes insert into the membrane and 
utilize planarizable fluorescent groups which flip/rotate in response to lateral force (e.g. 
changes in membrane lipid packing when tension is applied). The rotation of the fluorescent 
groups leads to alterations in the fluorescence lifetime, which can in turn be measured 
through FLIM (fluorescence lifetime imaging microscopy) [17, 114, 115]. Hypertonic shock, 
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which decreases endosome volume, leads to a decrease in fluorescence lifetime of the probe 
and thereby signals decreased membrane tension; hypotonic shock leads to the opposite. In 
both cultured cells and vesicles reconstituted in vitro, it was demonstrated that decreases 
in endosomal volume and membrane tension were associated with increased recruitment 
and polymerization of the ESCRT-III subunit, CHMP4B. This was found to be the case when 
membrane tension was altered by several methods including incubation of the cells with 
hyper/hypotonic solutions, distending endolysosomal membranes using L-leucyl-L-leucine 
methyl ester (LLOMe) that enters and is cleaved in lysosomes to increase their luminal 
osmolarity, or by physically pulling on the membrane with micropipette aspiration and optical 
tweezers [116]. Collectively, these results indicate that the effect on ESCRT-III recruitment 
is directly related to membrane tension. Finally, the authors showed that the low membrane 
tension-driven recruitment of ESCRT-III triggered the formation of ILVs from endosomes 
in canonical EGFR-induced endocytic pathways [117]. As with BAR domains, a decrease in 
endosomal membrane tension likely also provides the membrane slack necessary for ESCRT-
III to polymerize and deform the membrane into ILVs (Fig. 2).

Osmoregulation of lysosomes

Early endocytic compartments mature to become late endosomes and eventually 
terminate in lysosomes. These transitions are chiefly characterized by the exchange of Rab5 
for Rab7 and the gross conversion of PtdIns(3)P to PtdIns(3,5)P2 as reviewed elsewhere 
[118-121] concomitant with a steep drop in luminal pH. Compared to the early endocytic 
pathway, the flux of solutes is generally better studied at the lysosome because there 
has been tremendous interest in the movement of organic solutes across the lysosomal 
membrane [122]. Despite the intensity of research in the area, there remains precious little 
information about the osmotic consequences of this transport and the resultant tension on 
the limiting membrane of lysosomes. Moreover, the major solutes of the lysosome are still 
ions. While measurements of the steady-state concentrations of ionic solutes are challenging 
to determine for lysosomes –compartments that are difficult to access by traditional 
patch-clamping methods and where harsh luminal conditions have unwanted impacts on 
reporter molecules– some estimations of these solutes in lysosomes have in fact been made. 
The luminal concentrations of Na+ and Cl- are indeed reported to be higher than in early 
endosomes. For example, [Cl-] increases from 20 mM in the early endosome to 60 mM in the 
late endosome/lysosome [45]. The luminal [Na+] and [K+] of lysosomes show a broad range 
of estimates from 20-140 mM for Na+ and 2-50 mM for K+ [51, 66]. Still, even the low range 
for estimates for [Na+]lysosomes exceeds that of [Na+]cytosol, which is ~12 mM. With caveats and 
challenges in mind, as we did in the previous section, here we describe the individual solutes 
of the lysosome, their relative osmotic contributions and transport pathways, and their role 
in storage disorders.

pH and osmotic considerations
The best appreciated ion transport at the lysosome is that of protons being pumped into 

the lysosomal lumen by the V-ATPase, an ATP-dependent rotary enzyme [123]. This effectively 
decreases the pH from ~6.2 in the early endosome to 4.5-5.0 in the endolysosome [44]. 
Regulation of the proton pump, the buffering power of the lysosomal fluid, and the 
osmotic consequences of both are remarkably complex. For example, in order to prevent 
the establishment of an electrochemical gradient, the net increase in positive charge 
during acidification must be coupled to a counter-ion flux [124]. Some of the counter-ion 
flux mechanisms have significant osmotic effects. Critically, much of the trafficking and 
cargo sorting in the late endocytic pathway and even the flux of ionic and organic solutes 
are closely tied to the activity of the V-ATPase and use a proton motive force. As a result, 
though lysosomes can have a range in their acidity, the maintenance of a low pH requires 
ongoing activity of the V-ATPase since protons are constantly exiting via a ‘leak’ [125, 126]. 
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Taken together, there are four major components that influence the acidification of the 
lysosome: 1) the activity and copy number of the V-ATPase per unit area/volume of the 
compartment, 2) the conductance of counter-ions, 3) the rate of the H+ leak and 4) the buffering 
capacity (Fig. 3). These factors are interrelated and the net effect of these relationships 
is expected to impact the osmolarity, volume, and tension on lysosome membranes. For a 
discussion on the buffering capacity of the lysosome, we refer the reader to a review by 
Casey et al. [60].

The counter-ion flux that supports the activity of the V-ATPase can come in the form 
of either a cation efflux, an anion influx, or a combination of the two (Fig. 3). A subgroup 
of organellar NHEs, namely NHE6-9, can support the former mechanism at different stages 
of endosome maturation [127-129]. At the lysosome, the proton gradient that drives NHE 
exchange and proton efflux facilitates the influx of Na+ and/or K+. Although electroneutral, 
NHEs therefore contribute to the H+ leak and leads to the luminal accumulation of monovalent 
alkali cations. This may serve to prevent over-acidification of the lysosome, which could occur 
from a purely thermodynamic perspective in the absence of H+ leaks; the pump is sufficient 
to acidify compartments to pH <3.5 when operating without kinetic inhibition [130, 131]. 
Corroborating this idea, loss of NHE6 alone leads to over-acidification of murine neuron 
endosomes [128], and overexpression of NHE9 leads to alkalization of murine astrocyte 
recycling endosomes [129].

Fig. 3. Ionic and organic sol-
ute fluxes of lysosomes. The 
steady-state pH of lys-
osomes is maintained by 
the rate of H+  influx (medi-
ated by the V-ATPase), the 
rate of H+ efflux or ‘leak’, and 
the conductance of counter-
ions. At a pH of 4-5, lysosom-
al [H+]lumen can be 1000-fold 
higher than [H+]cytosol, which 
is at pH 7.2. The pump can 
work against this gradient 
and does not acidify the 
lysosome further, partly be-
cause of the H+ leak which is 
closely tied to the activity of 
solute transporters. These 
transporters, some of which 
are dependent on either the 
H+  or Na+  gradient to func-
tion, mediate the efflux of 
newly liberated amino acids, nucleosides, and monosaccharides derived from incoming endocytic cargo. 
NHEs functioning at the lysosome utilize the H+ gradient and exchange monovalent cations (e.g. Na+) into 
the lumen. As a result, to avoid their accumulation, monovalent cations are expelled from the lysosome via 
channels including TPC1-2, TRPML1-3, and TMEM175, a bidirectional K+ channel. These channels are gated 
by PtdIns(3,5)P2 and at least in the case of TRPML2, are activated by osmotic pressure and high endomem-
brane tension. PIKfyve is also stimulated by osmotic stress, suggesting multiple means for osmosensing by 
lysosomes. To rapidly acidify earlier endocytic compartments, ClC-7 provides a counter-ion force in the form 
of Cl- influx. While ClC-7 is another source of the H+ leak, the net negative charge of the lumen supports the 
activity of the V-ATPase from an electrical standpoint. Cl- efflux, on the other hand, involves LRRC8 and other 
putative transporters/co-transporters. Like TRPML2, LRRC8 also senses the ionic strength of the cytosol. 
Importantly, monovalent ion and solutes flux dictate hydrostatic pressure and membrane tension on the 
lysosome and ultimately fission/traffic.
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The constitutive action of lysosomal NHEs, on the other hand, now causes an ongoing 
influx of monovalent cations with which the lysosome must contend, otherwise the V-ATPase 
would quickly be stunted from an imposing electrogenic gradient. To this end, cation 
conductance on the lysosome is mediated by channels previously described: TPCs, TRPMLs, 
and TMEM175 [16, 66, 132, 133], all of which could conceivably provide the counter-ion flux 
for the V-ATPase, enabling the efflux of cations from the lysosomal lumen. In the absence of 
this counter-ion force, the activity of the V-ATPase would decrease, which should lead to an 
increase in lysosomal pH, as the steady-state H+ leak overtakes the rate of H+ influx. Indeed, 
Tpcn2-/- mouse skeletal muscle cells display more alkaline lysosomes than in their wildtype 
counterparts [134]. Interestingly, overexpressing an active form of TPC2 in HeLa cells is 
sufficient to lead to increased lysosomal tubulation and motility [16], suggesting that cation 
conductance in the lysosome contributes to membrane remodelling and resolution via the 
movement of ions and osmotically-obliged water.

Importantly, the pH of endocytic compartments is not always at a steady-state. Transitions 
in pH, though rarely measured or appreciated, are essential for efficient trafficking and 
processing in the endocytic pathway. This is well-exemplified in myeloid cells that take 
up large, often infectious, particles by phagocytosis that need to be degraded in a timely 
manner. Certain myeloid cells indeed show rapid acidification of nascent phagosomes [135, 
136]. For rapid, deep transitions in luminal pH of considerable volumes, cation fluxes alone 
may be insufficient. Instead, anion influx may also be required. Myeloid cells highly express 
the lysosomal H+/2Cl- exchanger ClC-7. By moving 2 Cl- in for each H+ out, ClC-7 has the 
potential to greatly affect the rate of the V-ATPase by providing a robust anion influx [137]. 
Defects in ClC-7 in mice and humans lead to osteopetrosis where osteoclasts cannot well-
acidify the lacunae [89, 138, 139]. Patients with a mutation in ClC-7 rendering the exchanger 
constitutively active, on the other hand, have hyper-acidified lysosomes [140].

While Cl- exchange supports acidification, without mechanisms of control, it is expected 
to have osmotic consequences on the compartment. The hyper-acidified lysosomes in the ClC-
7 gain-of-function patients are large, phase-lucent, and round/distended [140], suggesting 
that they are fluid-filled and likely experience high membrane tension that precludes the 
formation of tubules. In the osteoclast lacunae, the space is open and the action of ClC-7 at 
the plasma membrane does not have an osmotic effect. Macrophages may rapidly acidify 
nascent phagosomes containing potential pathogens at the cost of some swelling to the 
compartment.

The efflux of Cl-, on the other hand, could occur via VRAC/LRRC8. Supporting this 
idea, VRAC deficient cells have recently been shown to possess osmotically swollen 
lysosomes [141]. Reciprocally, LRRC8 localized to lysosomes has been recently described 
to play a role in sensing cytoplasmic ionic strength. In response to low cytoplasmic ion 
concentrations, LRRC8 conducts a large Lyso-VRAC current inward, thereby moving water 
from the cytoplasm and into the lysosomes which can then expel it through exocytosis [142]. 
Through this, LRRC8 reduces cellular swelling and prevents lysis in response to hypoosmotic 
conditions. The parallel, charge-neutralizing transport of cations could come from TMEM175 
(a bidirectional K+ channel) [133] or previously described mechanisms of Na+ transport.

That osmoregulation is an ongoing phenomenon at the lysosome is supported by 
the long-standing observation that inhibition of PIKfyve causes swelling of lysosomes. 
The formation of PtdIns(3,5)P2 and its gating of cation channels is clearly important for 
monovalent ion effluxes from the lysosome and in some cell systems, it is unlikely that even a 
majority of the ions are accounted for via endocytosis. For example, in yeast, the loss of Fab1, 
its PIKfyve homologue, leads to the gross enlargement of its vacuole [143, 144]. We have 
also noted that the swelling of lysosomes in macrophages can occur when macropinocytosis 
is inhibited (S.A.F. unpublished observations). The best evidence, however, that ongoing 
monovalent ion fluxes regulate lysosome volume is that the swelling phenotype observed 
when cells are treated with PIKfyve inhibitors is ablated by treating the cells concomitantly 
with inhibitors of the V-ATPase [75]. Moreover, genetic screens in yeast and mammalian cells 
have demonstrated that the loss of ClC-7 and cation exchangers also blunt the swelling of 
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the lysosomes [145, 146]. The simplest explanation for such results is that the source of 
swelling upon PIKfyve inhibition is the Cl- and Na+/K+ that are continuously supplied into 
the lysosome lumen by ClC-7 and NHEs which is no longer counter-balanced by the outward 
flow through TPCs/TRPMLs (or K+ channels) and unknown Cl- channels. More elaborate 
explanations could be proposed including the notion that PtdIns(3,5)P2 directly influences 
the activities of NHEs and ClCs, but these would need to be tested.

The liberation of organic solutes
In addition to the dominant ionic solutes of the lysosome, the organelle contains over 

50 degradative hydrolases [139], including proteases, lipases, glycosylases, nucleases, 
sulfatases, and phosphatases, that degrade endocytosed content and cargoes. In so doing, 
the hydrolases liberate organic solutes which are effective osmolytes including peptides and 
amino acids, monosaccharides, nucleosides, metals, and lipids that can be broken down into 
fatty acid components, and phospholipid headgroups. With this constant degradation comes 
the critical task of contending with the osmotic loads that these organic solutes impose on the 
compartment and potentially calibrating lysosomal volume and tension accordingly. As we 
described in earlier sections, the lysosomal membrane will only be able to stretch minimally, 
so handling the osmotic burden must be achieved by either fusion and the addition of new 
membrane surface or the efflux of solutes followed by osmotically-obliged water. Fusion may 
indeed be a fail-safe mechanism for avoiding osmotic pressure build-up. For example, when 
faced with pathogens that grow and expand in the phagolysosome, macrophages begin to 
fuse lysosome reserves to accommodate the expansion while containing the threat [147]. 
In cells where the synthesis of PtdIns(3,5)P2 is prevented, ongoing fusion of endolysosomes 
almost certainly prevents severe ruptures of the compartment [148, 149]. But the normal 
strategy of lysosomes is to flux the liberated organic solutes out of the lysosome to avoid any 
build up in osmotic pressure. This action maintains membrane dynamics and ensures proper 
trafficking which is presumably also driven by curvature-sensing proteins at the lysosome, 
though these remain poorly characterized.

The efflux of organic solutes is orchestrated by a huge family of solute carriers termed 
SLCs (Fig. 3). Lysosomal membranes are heavily populated by these solute transporters. 
Perhaps the best studied are the SLCs responsible for the transport of amino acids, solutes 
liberated from ingested proteins and peptides. Examples include SLC66A4 (cystinosin), a 
lysosomal H+/cysteine symporter [150]; SLC66A1 (PQLC-2) [151], a lysosomal lysine/
arginine transporter; SLC15A4, an oligopeptide transporter [152]; as well as SLC36A1/2 
(PAT-1/2), lysosomal H+/di-, tri peptide cotransporters [153], mutations in some of which 
lead to swollen lysosomes and lysosomal storage disorders in patients [150-152]. Other 
lysosomal amino acid transporters, including SLC38A9 [154] and SLC38A7 (SNAT-7) [155], 
which mediate the efflux of arginine and glutamine respectively, also impact cell growth and 
regulate lysosomal volume, although little is currently known about the latter. Additionally, 
amino acid efflux not only osmotically regulates the lysosome, but also greatly contribute to 
cell growth via mTOR [156]. mTOR forms major signalling protein complexes that bind to 
the surface of lysosomes and monitor amino acid abundancy in the cell. This can be conveyed 
via SLC38A9 [154], as well as SLC36A1 [157], which directly signal to mTOR the presence of 
free amino acid exiting the lysosome.

In conditions with ample amino acid supply, mTOR promotes cell proliferation and 
growth [158]. Interestingly, mTOR has been shown to inhibit TPCs, and under starvation 
conditions where mTOR dissociates from the lysosome, TPCs are constitutively active [159]. 
Since activation of TPCs cause the efflux of Na+, lowering membrane tension and leading 
to tubulation and trafficking, this could be a mechanism wherein mTOR inhibits lysosomal 
fission such that the compartment does not resolve prior to removing all the amino acids. 
Whether or not mTOR or signaling pathways involved in cell growth (i.e. PI3K/Akt) control 
other endomembrane resident ion channels and lysosome fission remains of great interest.

Other than proteins, major macromolecules degraded in the lysosome include 
carbohydrates. A well-known sugar transporter present on lysosomes is SLC17A5 (sialin), 



Cell Physiol Biochem 2021;55(S1):1-24
DOI: 10.33594/000000318
Published online: 2 January 2021 15

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2021 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG

Chadwick et al.: Organellar Volume Regulation

a sialic acid/monosaccharide transporter that utilizes the H+ gradient for its activity [160] 
(Fig. 3). Mutations in the transporter lead to Salla disease, a rare lysosomal storage disorder 
wherein patient cells incur enlarged lysosomes with impaired trafficking, owing to the 
build-up of sialic acid in lysosomes [161-163]. Other lysosomal sugar transporters include 
the SLC63 family SLC63A1-3 (Spns1, Spns2, and Spns3); deficiencies in its Drosophila and 
zebrafish homologues cause lysosomal storage disorders in neurons [164]. In addition, loss 
of SPSN has been shown to cause enlarged lysosomes in epithelial cells, and also seems to 
play a role in regulating ALR [165]. SLC2A8 (GLUT8), which maintains glucose efflux in the 
lysosomes of testis, may also play a role in maintaining lysosomal homeostasis [166].

Lipid efflux from the lysosome is much more complex than sugars and amino acids, largely 
due to their inherent hydrophobicity. During instances of efferocytosis or phagocytosis, where 
cells ingest large amounts of bacterial or cell membrane, the phagolysosome is a site where 
large quantities of lipids are extracted and phospholipid head and tail groups are liberated. 
These products need to be exported from the lysosome in a timely manner. Some studies 
have looked at SLC44A1 (CTL-1), a choline and ethanolamine transporter highly expressed 
in macrophages [167]. These phospholipid headgroups are responsible for the biosynthesis 
of phosphatidylcholine (PC) and phosphatidylethanolamine (PE), two of the most common 
phospholipid species in cells, and will likely make up a portion of a macrophage’s diet. Little 
is known, however, about the role of SLC44A1 at the lysosome.

Another source of lipids are those coming in to cells via chylomicrons like low-density 
lipoproteins (LDLs), which can be ingested via receptor-mediated endocytosis [168]. LDLs, 
when broken down, liberate a large quantity of cholesterol, which are exported from the 
lysosome via the Niemann-Pick proteins (Fig. 3). Briefly, the luminal cholesterol binds 
Niemann-Pick C2 (NPC2), which transports it across the inner glycocalyx and passes it to the 
N-terminus of the transmembrane protein NPC1. NPC1 forms a multimeric complex similar 
to a protein tunnel, wherein cholesterol is able to pass through and exit the lysosome [169-
171]. Upon export, cholesterol is then contacted by a variety of lipid binding proteins and 
shuttle it to the ER, mitochondria, or other organellar membranes [172]. In line with other 
solute transporters, loss of function in either NPC (usually NPC1) lead to the pathogenesis 
of Niemann Pick type C disease, a rare lysosomal lipid storage disease, characterized by 
enlarged lysosomes in patient cells [173, 174]. Although this is chiefly caused by cholesterol 
accumulation and may not be totally osmotic in nature, one can imagine the membrane is 
likely under high tension, which only exacerbates the impairment of lysosomal remodelling 
and trafficking seen in these cells.

Finally, in the event of efferocytosis/phagocytosis, another major category of liberated 
solutes is nucleosides (dephosphorylated nucleotides). Derived from the DNA of ingested 
species, nucleosides are primarily exported via the lysosomal transporter SLC29A3 (ENT3), 
deficiencies in which have been implicated in lysosomal storage disorders [175-178]. 
Lysosomes from SLC29A3-/- mice also are enlarged [179]. Like many of these transporters, 
SLC29A3 is pH sensitive and requires low pH for its proper function [180, 181].

Do lysosomal storage disorders cause osmotic pressure?
Impairments in the export of liberated amino acids, nucleic acids, lipids, or sugars all 

lead to enlarged, distended/round, and often perinuclear/clustered lysosomal phenotypes, 
with some being characterized as lysosomal storage disorders (Fig. 3). Pathogeneses of 
many lysosomal storage disorders fall under one of two categories; mutations in lysosomal 
solute transporters or mutations in lysosome hydrolases [182]. In the event of the latter, 
large macromolecules that enter the endocytic pathway are not digested in the lysosome, 
leading to their accumulation and swelling. In the former, the liberated solutes are unable to 
exit the lysosome post enzymatic breakdown. In either case, the accumulation of solutes in 
the lumen of lysosomes is matched with the osmotically-driven retainment of water. While is 
it not known how much hydrostatic pressure the lysosomal membrane can withstand before 
rupture, even a small osmotic imbalance between the cytosol and the lysosome will cause 
tension on the membrane. It is interesting to postulate that impaired trafficking and fission 
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observed in lysosomal storage disorder patients are a consequence on the hydrostatic 
pressure that builds against the limiting membrane of the lysosome as solutes accumulate in 
the lumen. An effort to quantify the magnitude of this pressure would be a worthy endeavour. 
Broadly, the control of lysosome volume and potentially osmotic pressure on the organelle 
in health and disease plays a significant role in the overall cellular activity and metabolism.

Conclusion

The interplay of ion flux, fluid movement, and membrane remodelling collectively 
regulate many functions along the endocytic pathway. We have focused this review on their 
control of endomembrane tension and organellar volume, often-overlooked considerations 
in the field of membrane trafficking and cell volume. The monovalent ion channels and 
transporters that localize to endocytic compartments are gated by lipids, are themselves 
osmosensors, and are required for the removal of solutes. The regulation of these channels 
and transporters occurs temporally and spatially and likely contribute to the cellular decision 
making for numerous processes including the rate and extent of acidification, endocytic 
maturation, and resolution, to name a few. Controlled solute efflux is ultimately necessary 
for the resolution of fluid and orchestrates the fission and fragmentation of organelles. Most 
germane to this special issue, these fluxes can have significant impact on cellular volume and 
how these volumes are distributed between the cytosol and organelles. Volume regulation in 
the secretory pathway, especially for systems that need to accommodate large extracellular 
matrix proteins, mucins, etc., are expected to have equally complex mechanisms behind their 
volume regulation. As the field has begun to near fully appreciate regulated volume increases 
and decreases of cells, we hope that this review has served to highlight how much remains to 
be determined for the regulation of organellar volume.

Acknowledgements

S.R.C. is supported by a SickKids Restracomp Fellowship. S.A.F is supported by grant PJT-
169180 from CIHR.

Disclosure Statement

The authors declare they have no conflict of interest.

References

1	 Hoffmann EK, Lambert IH, Pedersen SF: Physiology of cell volume regulation in vertebrates. Physiol Rev 
2009;89:193-277.

2	 Lang F, Busch GL, Ritter M, Volkl H, Waldegger S, Gulbins E, et al.: Functional significance of cell volume 
regulatory mechanisms. Physiol Rev 1998;78:247-306.

3	 Verkman AS: Water permeability measurement in living cells and complex tissues. J Membr Biol 
2000;173:73-87.

4	 Galizia L, Flamenco MP, Rivarola V, Capurro C, Ford P: Role of AQP2 in activation of calcium entry by 
hypotonicity: implications in cell volume regulation. Am J Physiol Renal Physiol 2008;294:F582-590.

5	 Schwab A, Nechyporuk-Zloy V, Fabian A, Stock C: Cells move when ions and water flow. Pflugers Arch 
2007;453:421-432.

6	 Kwok R, Evans E: Thermoelasticity of large lecithin bilayer vesicles. Biophys J 1981;35:637-652.
7	 Nichol JA, Hutter OF: Tensile strength and dilatational elasticity of giant sarcolemmal vesicles shed from 

rabbit muscle. J Physiol 1996;493:187-198.



Cell Physiol Biochem 2021;55(S1):1-24
DOI: 10.33594/000000318
Published online: 2 January 2021 17

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2021 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG

Chadwick et al.: Organellar Volume Regulation

8	 Morris CE, Homann U: Cell surface area regulation and membrane tension. J Membr Biol 2001;179:79-102.
9	 Kosmalska AJ, Casares L, Elosegui-Artola A, Thottacherry JJ, Moreno-Vicente R, González-Tarragó V, et al.: 

Physical principles of membrane remodelling during cell mechanoadaptation. Nat Commun 2015;6:7292.
10	 Sinha B, Koster D, Ruez R, Gonnord P, Bastiani M, Abankwa D, et al.: Cells respond to mechanical stress by 

rapid disassembly of caveolae. Cell 2011;144:402-413.
11	 Golani G, Ariotti N, Parton RG, Kozlov MM: Membrane Curvature and Tension Control the Formation and 

Collapse of Caveolar Superstructures. Dev Cell 2019;48:523-538 e524.
12	 Hamill OP, Martinac B: Molecular basis of mechanotransduction in living cells. Physiol Rev 2001;81:685-

740.
13	 Gauthier NC, Fardin MA, Roca-Cusachs P, Sheetz MP: Temporary increase in plasma membrane tension 

coordinates the activation of exocytosis and contraction during cell spreading. Proc Natl Acad Sci U S A 
2011;108:14467-14472.

14	 Bajno L, Peng XR, Schreiber AD, Moore HP, Trimble WS, Grinstein S: Focal exocytosis of VAMP3-containing 
vesicles at sites of phagosome formation. J Cell Biol 2000;149:697-706.

15	 Watanabe S, Mamer LE, Raychaudhuri S, Luvsanjav D, Eisen J, Trimbuch T, et al.: Synaptojanin and 
Endophilin Mediate Neck Formation during Ultrafast Endocytosis. Neuron 2018;98:1184-1197.e6.

16	 Freeman SA, Uderhardt S, Saric A, Collins RF, Buckley CM, Mylvaganam S, et al.: Lipid-gated monovalent ion 
fluxes regulate endocytic traffic and support immune surveillance. Science 2020;367:301-305.

17	 Mercier V, Larios J, Molinard G, Goujon A, Matile S, Gruenberg J, et al.: Endosomal membrane tension 
regulates ESCRT-III-dependent intra-lumenal vesicle formation. Nat Cell Biol 2020;22:947-959.

18	 Bright NA, Davis LJ, Luzio JP: Endolysosomes Are the Principal Intracellular Sites of Acid Hydrolase Activity. 
Curr Biol 2016;26:2233-2245.

19	 Harris HW, Zeidel ML, Jo I, Hammond TG: Characterization of purified endosomes containing the 
antidiuretic hormone-sensitive water channel from rat renal papilla. J Biol Chem 1994;269:11993-12000.

20	 Siner J, Paredes A, Hosselet C, Hammond T, Strange K, Harris HW: Cloning of an aquaporin homologue 
present in water channel containing endosomes of toad urinary bladder. Am J Physiol 1996;270:C372-381.

21	 Hill WG, Kaetzel MA, Kishore BK, Dedman JR, Zeidel ML: Annexin A4 reduces water and proton 
permeability of model membranes but does not alter aquaporin 2-mediated water transport in isolated 
endosomes. J Gen Physiol 2003;121:413-425.

22	 Nilius B: Is the volume-regulated anion channel VRAC a “water-permeable” channel? Neurochem Res 
2004;29:3-8.

23	 Freeman SA, Grinstein S: Resolution of macropinosomes, phagosomes and autolysosomes: Osmotically 
driven shrinkage enables tubulation and vesiculation. Traffic 2018;19:965-974.

24	 Dai J, Sheetz MP: Regulation of Endocytosis, Exocytosis, and Shape by Membrane Tension. Cold Spring Harb 
Symp Quant Biol 1995;60:567-571.

25	 Gottlieb TA, Ivanov IE, Adesnik M, Sabatini DD: Actin microfilaments play a critical role in endocytosis at 
the apical but not the basolateral surface of polarized epithelial cells. J Cell Biol 1993;120:695-710.

26	 Redpath GMI, Betzler VM, Rossatti P, Rossy J: Membrane Heterogeneity Controls Cellular Endocytic 
Trafficking. Front Cell Dev Biol 2020;8:757.

27	 Thottacherry JJ, Kosmalska AJ, Kumar A, Vishen AS, Elosegui-Artola A, Pradhan S, et al.: Mechanochemical 
feedback control of dynamin independent endocytosis modulates membrane tension in adherent cells. Nat 
Commun 2018;9:4217.

28	 Loh J, Chuang MC, Lin SS, Joseph J, Su YA, Hsieh TL, et al.: An acute decrease in plasma membrane tension 
induces macropinocytosis via PLD2 activation. J Cell Sci 2019;132

29	 Wu XS, Elias S, Liu H, Heureaux J, Wen PJ, Liu AP, et al.: Membrane Tension Inhibits Rapid and Slow 
Endocytosis in Secretory Cells. Biophys J 2017;113:2406-2414.

30	 Watanabe S, Rost BR, Camacho-Perez M, Davis MW, Sohl-Kielczynski B, Rosenmund C, et al.: Ultrafast 
endocytosis at mouse hippocampal synapses. Nature 2013;504:242-247.

31	 Hirama T, Lu SM, Kay JG, Maekawa M, Kozlov MM, Grinstein S, et al.: Membrane curvature induced by 
proximity of anionic phospholipids can initiate endocytosis. Nat Commun 2017;8:1393.

32	 Boulant S, Kural C, Zeeh JC, Ubelmann F, Kirchhausen T: Actin dynamics counteract membrane tension 
during clathrin-mediated endocytosis. Nat Cell Biol 2011;13:1124-1131.

33	 Liu AP, Loerke D, Schmid SL, Danuser G: Global and local regulation of clathrin-coated pit dynamics 
detected on patterned substrates. Biophys J 2009;97:1038-1047.



Cell Physiol Biochem 2021;55(S1):1-24
DOI: 10.33594/000000318
Published online: 2 January 2021 18

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2021 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG

Chadwick et al.: Organellar Volume Regulation

34	 Haucke V, Kozlov MM: Membrane remodeling in clathrin-mediated endocytosis. J Cell Sci 
2018;131:jcs216812.

35	 Bhave M, Mettlen M, Wang X, Schmid SL: Early and nonredundant functions of dynamin isoforms in 
clathrin-mediated endocytosis. Mol Biol Cell 2020;31:2035-2047.

36	 Maxfield FR, McGraw TE: Endocytic recycling. Nat Rev Mol Cell Biol 2004;5:121-132.
37	 Toh WH, Louber J, Mahmoud IS, Chia J, Bass GT, Dower SK, et al.: FcRn mediates fast recycling of 

endocytosed albumin and IgG from early macropinosomes in primary macrophages. J Cell Sci 
2019;133:235416.

38	 van Weering JR, Sessions RB, Traer CJ, Kloer DP, Bhatia VK, Stamou D, et al.: Molecular basis for SNX-BAR-
mediated assembly of distinct endosomal sorting tubules. EMBO J 2012;31:4466-4480.

39	 Steinman RM, Brodie SE, Cohn ZA: Membrane flow during pinocytosis. A stereologic analysis. J Cell Biol 
1976;68:665-687.

40	 Racoosin EL, Swanson JA: Macropinosome maturation and fusion with tubular lysosomes in macrophages.  
J Cell Biol 1993;121:1011-1020.

41	 Swanson JA: Phorbol esters stimulate macropinocytosis and solute flow through macrophages. J Cell Sci 
1989;94:135-142.

42	 Yamashiro DJ, Tycko B, Fluss SR, Maxfield FR: Segregation of transferrin to a mildly acidic (pH 6.5) para-
Golgi compartment in the recycling pathway. Cell 1984;37:789-800.

43	 Ren M, Xu G, Zeng J, De Lemos-Chiarandini C, Adesnik M, Sabatini DD: Hydrolysis of GTP on rab11 is 
required for the direct delivery of transferrin from the pericentriolar recycling compartment to the cell 
surface but not from sorting endosomes. Proc Natl Acad Sci U S A 1998;95:6187-6192.

44	 Scott CC, Gruenberg J: Ion flux and the function of endosomes and lysosomes: pH is just the start: the flux 
of ions across endosomal membranes influences endosome function not only through regulation of the 
luminal pH. Bioessays 2011;33:103-110.

45	 Morgan AJ, Platt FM, Lloyd-Evans E, Galione A: Molecular mechanisms of endolysosomal Ca2+ signalling in 
health and disease. Biochem J 2011;439:349-374.

46	 Erecinska M, Silver IA: Ions and energy in mammalian brain. Prog Neurobiol 1994;43:37-71.
47	 Alvarez-Leefmans FJ, Gamino SM, Reuss L: Cell volume changes upon sodium pump inhibition in Helix 

aspersa neurones. J Physiol 1992;458:603-619.
48	 Russo MA, Morgante E, Russo A, van Rossum GD, Tafani M: Ouabain-induced cytoplasmic vesicles and their 

role in cell volume maintenance. Biomed Res Int 2015;2015:487256.
49	 Sonawane ND, Verkman AS: Determinants of [Cl-] in recycling and late endosomes and Golgi complex 

measured using fluorescent ligands. J Cell Biol 2003;160:1129-1138.
50	 Sonawane ND, Thiagarajah JR, Verkman AS: Chloride concentration in endosomes measured using a 

ratioable fluorescent Cl- indicator: evidence for chloride accumulation during acidification. J Biol Chem 
2002;277:5506-5513.

51	 Steinberg BE, Huynh KK, Brodovitch A, Jabs S, Stauber T, Jentsch TJ, et al.: A cation counterflux supports 
lysosomal acidification. J Cell Biol 2010;189:1171-1186.

52	 Chibalin AV, Zierath JR, Katz AI, Berggren PO, Bertorello AM: Phosphatidylinositol 3-kinase-mediated 
endocytosis of renal Na+, K+-ATPase alpha subunit in response to dopamine. Mol Biol Cell 1998;9:1209-
1220.

53	 Chibalin AV, Katz AI, Berggren PO, Bertorello AM: Receptor-mediated inhibition of renal Na(+)-K(+)-ATPase 
is associated with endocytosis of its alpha- and beta-subunits. Am J Physiol 1997;273:C1458-1465.

54	 Liu J, Kesiry R, Periyasamy SM, Malhotra D, Xie Z, Shapiro JI: Ouabain induces endocytosis of plasmalemmal 
Na/K-ATPase in LLC-PK1 cells by a clathrin-dependent mechanism. Kidney Int 2004;66:227-241.

55	 Pivovarov AS, Calahorro F, Walker RJ: Na(+)/K(+)-pump and neurotransmitter membrane receptors. Invert 
Neurosci 2018;19:1.

56	 Alexander RT, Grinstein S: Tethering, recycling and activation of the epithelial sodium-proton exchanger, 
NHE3. J Exp Biol 2009;212:1630-1637.

57	 D’Souza S, Garcia-Cabado A, Yu F, Teter K, Lukacs G, Skorecki K, et al.: The epithelial sodium-hydrogen 
antiporter Na+/H+ exchanger 3 accumulates and is functional in recycling endosomes. J Biol Chem 
1998;273:2035-2043.



Cell Physiol Biochem 2021;55(S1):1-24
DOI: 10.33594/000000318
Published online: 2 January 2021 19

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2021 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG

Chadwick et al.: Organellar Volume Regulation

58	 Alexander RT, Furuya W, Szaszi K, Orlowski J, Grinstein S: Rho GTPases dictate the mobility of the 
Na/H exchanger NHE3 in epithelia: role in apical retention and targeting. Proc Natl Acad Sci U S A 
2005;102:12253-12258.

59	 Kurashima K, Szabo EZ, Lukacs G, Orlowski J, Grinstein S: Endosomal recycling of the Na+/H+ exchanger 
NHE3 isoform is regulated by the phosphatidylinositol 3-kinase pathway. J Biol Chem 1998;273:20828-
20836.

60	 Casey JR, Grinstein S, Orlowski J: Sensors and regulators of intracellular pH. Nat Rev Mol Cell Biol 
2010;11:50-61.

61	 Zhao H, Shiue H, Palkon S, Wang Y, Cullinan P, Burkhardt JK, et al.: Ezrin regulates NHE3 translocation and 
activation after Na+-glucose cotransport. Proc Natl Acad Sci U S A 2004;101:9485-9490.

62	 Yamamoto A, DeWald DB, Boronenkov IV, Anderson RA, Emr SD, Koshland D: Novel PI(4)P 5-Kinase 
Homologue, Fab1p, Essential for Normal Vacuole Function and Morphology in Yeast. Mol Biol Cell 
1995;6:525-539.

63	 Bonangelino CJ, Nau JJ, Duex JE, Brinkman M, Wurmser AE, Gary JD, et al.: Osmotic stress-induced increase 
of phosphatidylinositol 3,5-bisphosphate requires Vac14p, an activator of the lipid kinase Fab1p. J Cell Biol 
2002;156:1015-1028.

64	 Kaur G, Lakkaraju A: Early Endosome Morphology in Health and Disease. Adv Exp Med Biol 
2018;1074:335-343.

65	 She J, Guo J, Chen Q, Zeng W, Jiang Y, Bai XC: Structural insights into the voltage and phospholipid activation 
of the mammalian TPC1 channel. Nature 2018;556:130-134.

66	 Wang X, Zhang X, Dong XP, Samie M, Li X, Cheng X, et al.: TPC proteins are phosphoinositide- activated 
sodium-selective ion channels in endosomes and lysosomes. Cell 2012;151:372-383.

67	 Dong XP, Shen D, Wang X, Dawson T, Li X, Zhang Q, et al.: PI(3,5)P(2) controls membrane trafficking by 
direct activation of mucolipin Ca(2+) release channels in the endolysosome. Nat Commun 2010;1:38.

68	 Duex JE, Nau JJ, Kauffman EJ, Weisman LS: Phosphoinositide 5-phosphatase Fig 4p is required for both 
acute rise and subsequent fall in stress-induced phosphatidylinositol 3,5-bisphosphate levels. Eukaryot Cell 
2006;5:723-731.

69	 Zhang Y, Zolov SN, Chow CY, Slutsky SG, Richardson SC, Piper RC, et al.: Loss of Vac14, a regulator of the 
signaling lipid phosphatidylinositol 3,5-bisphosphate, results in neurodegeneration in mice. Proc Natl Acad 
Sci U S A 2007;104:17518-17523.

70	 Chow CY, Zhang Y, Dowling JJ, Jin N, Adamska M, Shiga K, et al.: Mutation of FIG4 causes neurodegeneration 
in the pale tremor mouse and patients with CMT4J. Nature 2007;448:68-72.

71	 Zolov SN, Bridges D, Zhang Y, Lee WW, Riehle E, Verma R, et al.: In vivo, Pikfyve generates PI(3,5)P2, which 
serves as both a signaling lipid and the major precursor for PI5P. Proc Natl Acad Sci U S A 2012;109:17472-
17477.

72	 Rutherford AC, Traer C, Wassmer T, Pattni K, Bujny MV, Carlton JG, et al.: The mammalian 
phosphatidylinositol 3-phosphate 5-kinase (PIKfyve) regulates endosome-to-TGN retrograde transport. 
J Cell Sci 2006;119:3944-3957.

73	 Jefferies HB, Cooke FT, Jat P, Boucheron C, Koizumi T, Hayakawa M, et al.: A selective PIKfyve inhibitor 
blocks PtdIns(3,5)P(2) production and disrupts endomembrane transport and retroviral budding. EMBO 
Rep 2008;9:164-170.

74	 Cai X, Xu Y, Cheung AK, Tomlinson RC, Alcazar-Roman A, Murphy L, et al.: PIKfyve, a class III PI kinase, is 
the target of the small molecular IL-12/IL-23 inhibitor apilimod and a player in Toll-like receptor signaling. 
Chem Biol 2013;20:912-921.

75	 Sharma G, Guardia CM, Roy A, Vassilev A, Saric A, Griner LN, et al.: A family of PIKFYVE inhibitors with 
therapeutic potential against autophagy-dependent cancer cells disrupt multiple events in lysosome 
homeostasis. Autophagy 2019:1-25.

76	 Ikonomov OC, Sbrissa D, Shisheva A: Mammalian cell morphology and endocytic membrane homeostasis 
require enzymatically active phosphoinositide 5-kinase PIKfyve. J Biol Chem 2001;276:26141-26147.

77	 Chen C-C, Krogsaeter E, Butz ES, Li Y, Puertollano R, Wahl-Schott C, et al.: TRPML2 is an osmo/
mechanosensitive cation channel in endolysosomal organelles. Sci Adv 2020;6:eabb5064.

78	 Zhang X, Chen W, Li P, Calvo R, Southall N, Hu X, et al.: Agonist-specific voltage-dependent gating of 
lysosomal two-pore Na(+) channels. elife 2019;8:e51423.



Cell Physiol Biochem 2021;55(S1):1-24
DOI: 10.33594/000000318
Published online: 2 January 2021 20

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2021 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG

Chadwick et al.: Organellar Volume Regulation

79	 Cang C, Bekele B, Ren D: The voltage-gated sodium channel TPC1 confers endolysosomal excitability. Nat 
Chem Biol 2014;10:463-469.

80	 Guo J, Zeng W, Chen Q, Lee C, Chen L, Yang Y, et al.: Structure of the voltage-gated two-pore channel TPC1 
from Arabidopsis thaliana. Nature 2016;531:196-201.

81	 She J, Zeng W, Guo J, Chen Q, Bai XC, Jiang Y: Structural mechanisms of phospholipid activation of the human 
TPC2 channel. elife 2019;8:e45222.

82	 Brailoiu E, Churamani D, Cai X, Schrlau MG, Brailoiu GC, Gao X, et al.: Essential requirement for two-pore 
channel 1 in NAADP-mediated calcium signaling. J Cell Biol 2009;186:201-209.

83	 Ruas M, Rietdorf K, Arredouani A, Davis LC, Lloyd-Evans E, Koegel H, et al.: Purified TPC isoforms form 
NAADP receptors with distinct roles for Ca(2+) signaling and endolysosomal trafficking. Curr Biol 
2010;20:703-709.

84	 Calcraft PJ, Ruas M, Pan Z, Cheng X, Arredouani A, Hao X, et al.: NAADP mobilizes calcium from acidic 
organelles through two-pore channels. Nature 2009;459:596-600.

85	 Guo J, Zeng W, Jiang Y: Tuning the ion selectivity of two-pore channels. Proc Natl Acad Sci U S A 
2017;114:1009-1014.

86	 Garrity AG, Wang W, Collier CM, Levey SA, Gao Q, Xu H: The endoplasmic reticulum, not the pH gradient, 
drives calcium refilling of lysosomes. elife 2016;5:e15887.

87	 LaPlante JM, Falardeau J, Sun M, Kanazirska M, Brown EM, Slaugenhaupt SA, et al.: Identification and 
characterization of the single channel function of human mucolipin-1 implicated in mucolipidosis type IV, a 
disorder affecting the lysosomal pathway. FEBS Lett 2002;532:183-187.

88	 Abe K, Puertollano R: Role of TRP channels in the regulation of the endosomal pathway. Physiology 
(Bethesda) 2011;26:14-22.

89	 Stauber T, Weinert S, Jentsch TJ: Cell biology and physiology of CLC chloride channels and transporters. 
Compr Physiol 2012;2:1701-1744.

90	 Picollo A, Pusch M: Chloride/proton antiporter activity of mammalian CLC proteins ClC-4 and ClC-5. Nature 
2005;436:420-423.

91	 Scheel O, Zdebik AA, Lourdel S, Jentsch TJ: Voltage-dependent electrogenic chloride/proton exchange by 
endosomal CLC proteins. Nature 2005;436:424-427.

92	 Piwon N, Gunther W, Schwake M, Bosl MR, Jentsch TJ: ClC-5 Cl- -channel disruption impairs endocytosis in a 
mouse model for Dent’s disease. Nature 2000;408:369-373.

93	 Mohammad-Panah R, Harrison R, Dhani S, Ackerley C, Huan LJ, Wang Y, et al.: The chloride channel ClC-4 
contributes to endosomal acidification and trafficking. J Biol Chem 2003;278:29267-29277.

94	 Hara-Chikuma M, Yang B, Sonawane ND, Sasaki S, Uchida S, Verkman AS: ClC-3 chloride channels facilitate 
endosomal acidification and chloride accumulation. J Biol Chem 2005;280:1241-1247.

95	 Graves AR, Curran PK, Smith CL, Mindell JA: The Cl-/H+ antiporter ClC-7 is the primary chloride permeation 
pathway in lysosomes. Nature 2008;453:788-792.

96	 Friard J, Corinus A, Cougnon M, Tauc M, Pisani DF, Duranton C, et al.: LRRC8/VRAC channels exhibit a 
noncanonical permeability to glutathione, which modulates epithelial-to-mesenchymal transition (EMT). 
Cell Death Dis 2019;10:925.

97	 Tang T, Lang X, Xu C, Wang X, Gong T, Yang Y, et al.: CLICs-dependent chloride efflux is an essential and 
proximal upstream event for NLRP3 inflammasome activation. Nat Commun 2017;8:202.

98	 Dozynkiewicz MA, Jamieson NB, Macpherson I, Grindlay J, van den Berghe PV, von Thun A, et al.: Rab25 
and CLIC3 collaborate to promote integrin recycling from late endosomes/lysosomes and drive cancer 
progression. Dev Cell 2012;22:131-145.

99	 Castonguay J, Orth JHC, Muller T, Sleman F, Grimm C, Wahl-Schott C, et al.: The two-pore channel TPC1 is 
required for efficient protein processing through early and recycling endosomes. Sci Rep 2017;7:10038.

100	 Sakurai Y, Kolokoltsov AA, Chen CC, Tidwell MW, Bauta WE, Klugbauer N, et al.: Ebola virus. Two-
pore channels control Ebola virus host cell entry and are drug targets for disease treatment. Science 
2015;347:995-998.

101	 Kang YL, Chou YY, Rothlauf PW, Liu Z, Soh TK, Cureton D, et al.: Inhibition of PIKfyve kinase prevents 
infection by EBOV and SARS-CoV-2. bioRxiv 2020; DOI:10.1101/2020.04.21.053058 (preprint).

102	 Grimm C, Holdt LM, Chen CC, Hassan S, Muller C, Jors S, et al.: High susceptibility to fatty liver disease in 
two-pore channel 2-deficient mice. Nat Commun 2014;5:4699.



Cell Physiol Biochem 2021;55(S1):1-24
DOI: 10.33594/000000318
Published online: 2 January 2021 21

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2021 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG

Chadwick et al.: Organellar Volume Regulation

103	 Freeman SA, Uderhardt S, Saric A, Collins RF, Buckley CM, Mylvaganam S, et al.: Lipid-gated monovalent ion 
fluxes regulate endocytic traffic and support immune surveillance. Science 2020;367:301-305.

104	 Buckley CM, Heath VL, Gueho A, Bosmani C, Knobloch P, Sikakana P, et al.: PIKfyve/Fab1 is required for 
efficient V-ATPase and hydrolase delivery to phagosomes, phagosomal killing, and restriction of Legionella 
infection. PLoS Pathog 2019;15:e1007551.

105	 Krishna S, Palm W, Lee Y, Yang W, Bandyopadhyay U, Xu H, et al.: PIKfyve Regulates Vacuole Maturation and 
Nutrient Recovery following Engulfment. Dev Cell 2016;38:536-547.

106	 Hu YB, Dammer EB, Ren RJ, Wang G: The endosomal-lysosomal system: from acidification and cargo sorting 
to neurodegeneration. Transl Neurodegener 2015;4:18.

107	 Hurtado-Lorenzo A, Skinner M, El Annan J, Futai M, Sun-Wada GH, Bourgoin S, et al.: V-ATPase interacts 
with ARNO and Arf6 in early endosomes and regulates the protein degradative pathway. Nat Cell Biol 
2006;8:124-136.

108	 Simunovic M, Evergren E, Golushko I, Prevost C, Renard HF, Johannes L, et al.: How curvature-generating 
proteins build scaffolds on membrane nanotubes. Proc Natl Acad Sci U S A 2016;113:11226-11231.

109	 Peter BJ, Kent HM, Mills IG, Vallis Y, Butler PJ, Evans PR, et al.: BAR domains as sensors of membrane 
curvature: the amphiphysin BAR structure. Science 2004;303:495-499.

110	 Cullen PJ, Steinberg F: To degrade or not to degrade: mechanisms and significance of endocytic recycling. 
Nat Rev Mol Cell Biol 2018;19:679-696.

111	 Simunovic M, Voth GA, Callan-Jones A, Bassereau P: When Physics Takes Over: BAR Proteins and Membrane 
Curvature. Trends Cell Biol 2015;25:780-792.

112	 Shi Z, Baumgart T: Membrane tension and peripheral protein density mediate membrane shape transitions. 
Nat Commun 2015;6:5974.

113	 Christ L, Raiborg C, Wenzel EM, Campsteijn C, Stenmark H: Cellular Functions and Molecular Mechanisms of 
the ESCRT Membrane-Scission Machinery. Trends Biochem Sci 2017;42:42-56.

114	 Colom A, Derivery E, Soleimanpour S, Tomba C, Molin MD, Sakai N, et al.: A fluorescent membrane tension 
probe. Nat Chem 2018;10:1118-1125.

115	 Goujon A, Colom A, Strakova K, Mercier V, Mahecic D, Manley S, et al.: Mechanosensitive Fluorescent Probes 
to Image Membrane Tension in Mitochondria, Endoplasmic Reticulum, and Lysosomes. J Am Chem Soc 
2019;141:3380-3384.

116	 Morlot S, Galli V, Klein M, Chiaruttini N, Manzi J, Humbert F, et al.: Membrane shape at the edge of the 
dynamin helix sets location and duration of the fission reaction. Cell 2012;151:619-629.

117	 Wenzel EM, Schultz SW, Schink KO, Pedersen NM, Nahse V, Carlson A, et al.: Concerted ESCRT and clathrin 
recruitment waves define the timing and morphology of intraluminal vesicle formation. Nat Commun 
2018;9:2932.

118	 Cabukusta B, Neefjes J: Mechanisms of lysosomal positioning and movement. Traffic 2018;19:761-769.
119	 Rink J, Ghigo E, Kalaidzidis Y, Zerial M: Rab conversion as a mechanism of progression from early to late 

endosomes. Cell 2005;122:735-749.
120	 Poteryaev D, Datta S, Ackema K, Zerial M, Spang A: Identification of the switch in early-to-late endosome 

transition. Cell 2010;141:497-508.
121	 Vonderheit A, Helenius A: Rab7 associates with early endosomes to mediate sorting and transport of 

Semliki forest virus to late endosomes. PLoS Biol 2005;3:e233.
122	 Lawrence RE, Zoncu R: The lysosome as a cellular centre for signalling, metabolism and quality control. Nat 

Cell Biol 2019;21:133-142.
123	 Forgac M: Vacuolar ATPases: rotary proton pumps in physiology and pathophysiology. Nat Rev Mol Cell Biol 

2007;8:917-929.
124	 Fuchs R, Male P, Mellman I: Acidification and ion permeabilities of highly purified rat liver endosomes. 

J Biol Chem 1989;264:2212-2220.
125	 Ishida Y, Nayak S, Mindell JA, Grabe M: A model of lysosomal pH regulation. J Gen Physiol 2013;141:705-

720.
126	 Deng D, Jiang N, Hao SJ, Sun H, Zhang GJ: Loss of membrane cholesterol influences lysosomal permeability 

to potassium ions and protons. Biochim Biophys Acta 2009;1788:470-476.
127	 Stromme P, Dobrenis K, Sillitoe RV, Gulinello M, Ali NF, Davidson C, et al.: X-linked Angelman-like syndrome 

caused by Slc9a6 knockout in mice exhibits evidence of endosomal-lysosomal dysfunction. Brain 
2011;134:3369-3383.



Cell Physiol Biochem 2021;55(S1):1-24
DOI: 10.33594/000000318
Published online: 2 January 2021 22

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2021 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG

Chadwick et al.: Organellar Volume Regulation

128	 Ouyang Q, Lizarraga SB, Schmidt M, Yang U, Gong J, Ellisor D, et al.: Christianson syndrome protein NHE6 
modulates TrkB endosomal signaling required for neuronal circuit development. Neuron 2013;80:97-112.

129	 Kondapalli KC, Hack A, Schushan M, Landau M, Ben-Tal N, Rao R: Functional evaluation of autism-associated 
mutations in NHE9. Nat Commun 2013;4:2510.

130	 Muller ML, Jensen M, Taiz L: The vacuolar H+-ATPase of lemon fruits is regulated by variable H+/ATP 
coupling and slip. J Biol Chem 1999;274:10706-10716.

131	 Davies JM, Hunt I, Sanders D: Vacuolar H(+)-pumping ATPase variable transport coupling ratio controlled 
by pH. Proc Natl Acad Sci U S A 1994;91:8547-8551.

132	 Xiong J, Zhu MX: Regulation of lysosomal ion homeostasis by channels and transporters. Sci China Life Sci 
2016;59:777-791.

133	 Cang C, Aranda K, Seo YJ, Gasnier B, Ren D: TMEM175 Is an Organelle K(+) Channel Regulating Lysosomal 
Function. Cell 2015;162:1101-1112.

134	 Lin PH, Duann P, Komazaki S, Park KH, Li H, Sun M, et al.: Lysosomal two-pore channel subtype 2 (TPC2) 
regulates skeletal muscle autophagic signaling. J Biol Chem 2015;290:3377-3389.

135	 Flannagan RS, Jaumouille V, Grinstein S: The cell biology of phagocytosis. Annu Rev Pathol 2012;7:61-98.
136	 Canton J, Khezri R, Glogauer M, Grinstein S: Contrasting phagosome pH regulation and maturation in 

human M1 and M2 macrophages. Mol Biol Cell 2014;25:3330-3341.
137	 Leisle L, Ludwig CF, Wagner FA, Jentsch TJ, Stauber T: ClC-7 is a slowly voltage-gated 2Cl(-)/1H(+)-

exchanger and requires Ostm1 for transport activity. EMBO J 2011;30:2140-2152.
138	 Jentsch TJ, Pusch M: CLC Chloride Channels and Transporters: Structure, Function, Physiology, and Disease. 

Physiol Rev 2018;98:1493-1590.
139	 Kasper D, Planells-Cases R, Fuhrmann JC, Scheel O, Zeitz O, Ruether K, et al.: Loss of the chloride channel 

ClC-7 leads to lysosomal storage disease and neurodegeneration. EMBO J 2005;24:1079-1091.
140	 Nicoli ER, Weston MR, Hackbarth M, Becerril A, Larson A, Zein WM, et al.: Lysosomal Storage and Albinism 

Due to Effects of a De Novo CLCN7 Variant on Lysosomal Acidification. Am J Hum Genet 2019;104:1127-
1138.

141	 Lenk GM, Park YN, Lemons R, Flynn E, Plank M, Frei CM, et al.: CRISPR knockout screen implicates three 
genes in lysosome function. Sci Rep 2019;9:9609.

142	 Li P, Hu M, Wang C, Feng X, Zhao Z, Yang Y, et al.: LRRC8 family proteins within lysosomes regulate cellular 
osmoregulation and enhance cell survival to multiple physiological stresses. Proc Natl Acad Sci U S A 
2020;117:29155-29165.

143	 Yamamoto A, DeWald DB, Boronenkov IV, Anderson RA, Emr SD, Koshland D: Novel PI(4)P 5-kinase 
homologue, Fab1p, essential for normal vacuole function and morphology in yeast. Mol Biol Cell 
1995;6:525-539.

144	 Gary JD, Wurmser AE, Bonangelino CJ, Weisman LS, Emr SD: Fab1p is essential for PtdIns(3)P 5-kinase 
activity and the maintenance of vacuolar size and membrane homeostasis. J Cell Biol 1998;143:65-79.

145	 Gayle S, Landrette S, Beeharry N, Conrad C, Hernandez M, Beckett P, et al.: Identification of apilimod 
as a first-in-class PIKfyve kinase inhibitor for treatment of B-cell non-Hodgkin lymphoma. Blood 
2017;129:1768-1778.

146	 Wilson ZN, Scott AL, Dowell RD, Odorizzi G: PI(3,5)P2 controls vacuole potassium transport to support 
cellular osmoregulation. Mol Biol Cell 2018;29:1718-1731.

147	 Gray MA, Choy CH, Dayam RM, Ospina-Escobar E, Somerville A, Xiao X, et al.: Phagocytosis Enhances 
Lysosomal and Bactericidal Properties by Activating the Transcription Factor TFEB. Curr Biol 
2016;26:1955-1964.

148	 Sharma G, Guardia CM, Roy A, Vassilev A, Saric A, Griner LN, et al.: A family of PIKFYVE inhibitors with 
therapeutic potential against autophagy-dependent cancer cells disrupt multiple events in lysosome 
homeostasis. Autophagy 2019;15:1694-1718.

149	 Choy CH, Saffi G, Gray MA, Wallace C, Dayam RM, Ou ZA, et al.: Lysosome enlargement during inhibition of 
the lipid kinase PIKfyve proceeds through lysosome coalescence. J Cell Sci 2018;131:jcs213587.

150	 Kalatzis V, Nevo N, Cherqui S, Gasnier B, Antignac C: Molecular pathogenesis of cystinosis: effect of 
CTNS mutations on the transport activity and subcellular localization of cystinosin. Hum Mol Genet 
2004;13:1361-1371.

151	 Liu B, Du H, Rutkowski R, Gartner A, Wang X: LAAT-1 is the lysosomal lysine/arginine transporter that 
maintains amino acid homeostasis. Science 2012;337:351-354.



Cell Physiol Biochem 2021;55(S1):1-24
DOI: 10.33594/000000318
Published online: 2 January 2021 23

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2021 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG

Chadwick et al.: Organellar Volume Regulation

152	 Kobayashi T, Shimabukuro-Demoto S, Yoshida-Sugitani R, Furuyama-Tanaka K, Karyu H, Sugiura Y, et al.: 
The histidine transporter SLC15A4 coordinates mTOR-dependent inflammatory responses and pathogenic 
antibody production. Immunity 2014;41:375-388.

153	 Frolund S, Holm R, Brodin B, Nielsen CU: The proton-coupled amino acid transporter, SLC36A1 (hPAT1), 
transports Gly-Gly, Gly-Sar and other Gly-Gly mimetics. Br J Pharmacol 2010;161:589-600.

154	 Wyant GA, Abu-Remaileh M, Wolfson RL, Chen WW, Freinkman E, Danai LV, et al.: mTORC1 Activator 
SLC38A9 Is Required to Efflux Essential Amino Acids from Lysosomes and Use Protein as a Nutrient. Cell 
2017;171:642-654 e612.

155	 Hagglund MG, Sreedharan S, Nilsson VC, Shaik JH, Almkvist IM, Backlin S, et al.: Identification of SLC38A7 
(SNAT7) protein as a glutamine transporter expressed in neurons. J Biol Chem 2011;286:20500-20511.

156	 Rabanal-Ruiz Y, Korolchuk VI: mTORC1 and Nutrient Homeostasis: The Central Role of the Lysosome. Int J 
Mol Sci 2018;19:818.

157	 Ogmundsdottir MH, Heublein S, Kazi S, Reynolds B, Visvalingam SM, Shaw MK, et al.: Proton-assisted amino 
acid transporter PAT1 complexes with Rag GTPases and activates TORC1 on late endosomal and lysosomal 
membranes. PLoS ONE 2012;7:e36616.

158	 Goberdhan DC, Wilson C, Harris AL: Amino Acid Sensing by mTORC1: Intracellular Transporters Mark the 
Spot. Cell Metab 2016;23:580-589.

159	 Cang C, Zhou Y, Navarro B, Seo YJ, Aranda K, Shi L, et al.: mTOR regulates lysosomal ATP-sensitive two-pore 
Na(+) channels to adapt to metabolic state. Cell 2013;152:778-790.

160	 Prolo LM, Vogel H, Reimer RJ: The lysosomal sialic acid transporter sialin is required for normal CNS 
myelination. J Neurosci 2009;29:15355-15365.

161	 Paavola LE, Remes AM, Harila MJ, Varho TT, Korhonen TT, Majamaa K: A 13-year follow-up of Finnish 
patients with Salla disease. J Neurodev Disord 2015;7:20.

162	 Tarailo-Graovac M, Drogemoller BI, Wasserman WW, Ross CJ, van den Ouweland AM, Darin N, et al.: 
Identification of a large intronic transposal insertion in SLC17A5 causing sialic acid storage disease. 
Orphanet J Rare Dis 2017;12:28.

163	 Renlund M, Tietze F, Gahl WA: Defective sialic acid egress from isolated fibroblast lysosomes of patients 
with Salla disease. Science 1986;232:759-762.

164	 Nakano Y: Stories of spinster with various faces: from courtship rejection to tumor metastasis rejection. 
J Neurogenet 2019;33:90-95.

165	 Rong Y, McPhee CK, Deng S, Huang L, Chen L, Liu M, et al.: Spinster is required for autophagic lysosome 
reformation and mTOR reactivation following starvation. Proc Natl Acad Sci U S A 2011;108:7826-7831.

166	 Diril MK, Schmidt S, Krauss M, Gawlik V, Joost HG, Schurmann A, et al.: Lysosomal localization of GLUT8 in 
the testis--the EXXXLL motif of GLUT8 is sufficient for its intracellular sorting via AP1- and AP2-mediated 
interaction. FEBS J 2009;276:3729-3743.

167	 Snider SA, Margison KD, Ghorbani P, LeBlond ND, O’Dwyer C, Nunes JRC, et al.: Choline transport links 
macrophage phospholipid metabolism and inflammation. J Biol Chem 2018;293:11600-11611.

168	 Brown MS, Goldstein JL: Receptor-mediated endocytosis: insights from the lipoprotein receptor system. 
Proc Natl Acad Sci U S A 1979;76:3330-3337.

169	 Infante RE, Wang ML, Radhakrishnan A, Kwon HJ, Brown MS, Goldstein JL: NPC2 facilitates bidirectional 
transfer of cholesterol between NPC1 and lipid bilayers, a step in cholesterol egress from lysosomes. Proc 
Natl Acad Sci U S A 2008;105:15287-15292.

170	 Kwon HJ, Abi-Mosleh L, Wang ML, Deisenhofer J, Goldstein JL, Brown MS, et al.: Structure of N-terminal 
domain of NPC1 reveals distinct subdomains for binding and transfer of cholesterol. Cell 2009;137:1213-
1224.

171	 Li X, Wang J, Coutavas E, Shi H, Hao Q, Blobel G: Structure of human Niemann-Pick C1 protein. Proc Natl 
Acad Sci U S A 2016;113:8212-8217.

172	 Thelen AM, Zoncu R: Emerging Roles for the Lysosome in Lipid Metabolism. Trends Cell Biol 2017;27:833-
850.

173	 Shammas H, Kuech EM, Rizk S, Das AM, Naim HY: Different Niemann-Pick C1 Genotypes Generate Protein 
Phenotypes that Vary in their Intracellular Processing, Trafficking and Localization. Sci Rep 2019;9:5292.

174	 Lim CY, Davis OB, Shin HR, Zhang J, Berdan CA, Jiang X, et al.: ER-lysosome contacts enable cholesterol 
sensing by mTORC1 and drive aberrant growth signalling in Niemann-Pick type C. Nat Cell Biol 
2019;21:1206-1218.



Cell Physiol Biochem 2021;55(S1):1-24
DOI: 10.33594/000000318
Published online: 2 January 2021 24

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2021 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG

Chadwick et al.: Organellar Volume Regulation

175	 Noavar S, Behroozi S, Tatarcheh T, Parvini F, Foroutan M, Fahimi H: A novel homozygous frame-shift 
mutation in the SLC29A3 gene: a new case report and review of literature. BMC Med Genet 2019;20:147.

176	 Liu B, Czajka A, Malik AN, Hussain K, Jones PM, Persaud SJ: Equilibrative nucleoside transporter 3 
depletion in beta-cells impairs mitochondrial function and promotes apoptosis: Relationship to pigmented 
hypertrichotic dermatosis with insulin-dependent diabetes. Biochim Biophys Acta 2015;1852:2086-2095.

177	 Morgan NV, Morris MR, Cangul H, Gleeson D, Straatman-Iwanowska A, Davies N, et al.: Mutations in 
SLC29A3, encoding an equilibrative nucleoside transporter ENT3, cause a familial histiocytosis syndrome 
(Faisalabad histiocytosis) and familial Rosai-Dorfman disease. PLoS Genet 2010;6:e1000833.

178	 Nair S, Strohecker AM, Persaud AK, Bissa B, Muruganandan S, McElroy C, et al.: Adult stem cell deficits drive 
Slc29a3 disorders in mice. Nat Commun 2019;10:2943.

179	 Hsu CL, Lin W, Seshasayee D, Chen YH, Ding X, Lin Z, et al.: Equilibrative nucleoside transporter 3 deficiency 
perturbs lysosome function and macrophage homeostasis. Science 2012;335:89-92.

180	 Singh A, Govindarajan R: ENT3 utilizes a pH Sensing Mechanism for Transport. Channels (Austin) 
2018;12:78-80.

181	 Rahman MF, Askwith C, Govindarajan R: Molecular determinants of acidic pH-dependent transport of 
human equilibrative nucleoside transporter 3. J Biol Chem 2017;292:14775-14785.

182	 Platt FM, d’Azzo A, Davidson BL, Neufeld EF, Tifft CJ: Lysosomal storage diseases. Nat Rev Dis Primers 
2018;4:27.


	_Hlk53781598
	_Hlk53781617

