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Rushing to maintain plasma membrane

phosphoinositide levels
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In this issue of the Journal of General Physiology, Myeong and
colleagues investigate the mechanisms by which mammalian
cells maintain the levels of phosphatidylinositol (PI) 4,5-bis-
phosphate (PI(4,5)P,) within the plasma membrane (PM) in
response to strong PLC stimulation downstream of M1 musca-
rinic receptor (MIR) activation. These studies use an impressive
array of molecular and pharmacological approaches, as well as
comprehensive mathematical modeling, to conclude that the
slow recovery of PI(4,5)P, levels in the PM during prolonged
MIR stimulation is not due to receptor desensitization, but
rather reflects the activation of the PI 4-kinase o (PI4KA) en-
zyme with an important contribution also coming from PI 4-
phosphate (PI4P) derived from the Golgi complex. As detailed
below, these studies address important questions regarding
phosphoinositide distribution and homeostasis, which have
deep roots in the cell signaling field.

PI(4,5)P, is a minor phospholipid that is located primarily
within the inner leaflet of the PM and plays critical roles in the
control of numerous cellular functions in eukaryotic cells. The
importance of PI(4,5)P, was first recognized when it was dis-
covered that it serves as the lipid precursor of important second
messengers, inositol 1,4,5-trisphosphate (InsP;) and diacylglycerol
(DG), which are generated following agonist binding to cell surface
receptors that are coupled to the activation of PLC enzymes
(Berridge, 1984). Subsequently, PI(4,5)P, was also found to control
many more essential cellular processes, including direct control of
ion channel and transporter dynamics, actin cytoskeleton re-
modeling, and complex regulation of the vesicular trafficking
machinery that governs both endo- and exocytic pathways (Balla,
2013). PI(4,5)P, is primarily generated from PI by sequential
phosphorylation events that are catalyzed by PI 4-kinases (P14Ks)
and PI4P 5-kinases (PIP5Ks), with possible minor contributions
from PISP 4-kinases (also called type II PIP kinases) that use the
minor lipid, PI 5-phosphate (PISP), as their substrate. There are
multiple isoforms and splice variants of all of these enzymes
(Balla, 2013), which likely selectively contribute to unique local-
ized PI(4,5)P, pools that could be dedicated to the regulation of
specific signaling modalities.

Being such an important regulatory signal, cells must tightly
control membrane PI(4,5)P, levels, especially against the actions
of the numerous PLC and phosphoinositide 5-phosphatase en-
zymes that both contribute to PI(4,5)P, degradation. The im-
portance of understanding how PI(4,5)P, homeostasis is
balanced was already recognized a long time ago, when it was
discovered that the products of PLC activation are rapidly re-
covered and used for the rapid resynthesis of PI(4,5)P, (recently
reviewed in Chang and Liou, 2016). This metabolic cycle was
dubbed the “PI-cycle”; however, the description of this meta-
bolic turnover raises several important questions, especially
considering that the synthesis of PI takes place in the ER,
whereas PI(4,5)P,, as well as the lipid products generated from
its hydrolysis, are located in the PM. Consequently, for this cycle
to occur, the DG formed as a result of PLC activation, or its
rapidly formed metabolite, phosphatidic acid (PA), must reach
the ER from the PM. At the same time, the PI that is synthesized
within the ER, must reach membrane compartments where
resident phosphoinositide kinases can generate the PI4P and
PI(4,5)P, that finally end up in the PM (Fig. 1). For a long time it
was assumed that PI4P and PI(4,5)P, synthesis both take place in
the PM as the enzymatic activities yielding these lipids were
found enriched in the PM. Additionally, these processes were
extensively studied in membranes derived from red blood cells,
which primarily contain PM and almost no or very little other
membrane compartments. Only with the comprehensive clon-
ing and subsequent mapping of the cellular localizations of the
various PI4K and PIP5K enzymes was it possible to revisit these
questions with better spatial definitions. Additional advances
using imaging methods that reliably monitor the steady-state
distributions of PI4P and PI(4,5)P, have since revealed that, in addi-
tion to the PM, PI4P is present in high amounts in the Golgi complex
and endosomes. It is also important to note that at least three of the
four mammalian PI4K enzymes (PI4KB, PI4K2A, and PI4K2B) are
localized to the Golgi complex and some endosomal compartments
(Minogue and Waugh, 2012; Boura and Nencka, 2015).

Pharmacological and genetic studies in yeast and mammalian
cells have shown that the majority of the PM pool of PI4P is
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Figure 1. Phosphoinositide synthesis and
distribution in eukaryotic cells. (A) The bio-
chemical reactions contributing to the PI cycle.
Agonists of receptors that couple to PLC acti-
vation lead to the hydrolysis of PI(4,5)P, in the
PM (represented by the gray rectangle). Both
products of the hydrolytic reaction that con-
sumes PI(4,5)P,, DG and InsPs;, are used as
metabolic intermediates for the rapid resynthesis
of PI. PI synthesis takes place within membranes
of the ER (represented by the green rectangle)
via a two-step enzymatic reaction that is cata-
lyzed by the sequential activity of cytidine-di-
phosphate-DG (CDP-DG) synthase (CDS) and PI
synthase (PIS; also called CDP-DG;myo-inositol
3-phospho-transferase [CDIPT]) using PA and
myo-inositol as substrates, respectively. Pl has to
be transported from the ER to reach the PM, or
other organelles, where it can be phosphorylated
to generate PI4P by PI4K enzymes. PI4P can be
further phosphorylated by PI4P-specific 5-
kinases (type | PIP5Ks) to produce PI(4,5)P,
primarily in the PM. At the same time, upon
hydrolysis of resident PI(4,5)P,, the DG formed in
the PM is rapidly converted to PA by diacyl-
glycerol kinases (DGKs) and it has been shown
that the lipid transfer protein, Nir2, is involved in
the transport of PA from the PM to the ER, while
also transferring Pl from the ER to the PM. It is
possible, although not proven, that DG may also
be directly transported from the PM and into the
ER where is could also be converted to PA (not
shown). (B) Cellular topology of the PI cycle re-
actions and lipid transport mechanisms. Enzy-
matic reactions are shown by blue arrows,
whereas lipid transfer routes are shown with
orange arrows. Note that the nonvesicular lipid
counter-transport processes between the PM
and ER and between the Golgi and the ER are
driven by the PI4P gradient that is established by
the resident Pl4K and PI4P-phosphatase activi-

ties. Similar P14P-driven lipid transport processes exist between the endosomes and the ER (not shown for simplicity). Oxysterol binding protein (OSBP) and its
related proteins, the ORPs, have been found to carry out these lipid transport processes the efficiency of which requires the ER-localized Sacl phosphatase that
dephosphorylates PI4P within the ER to keep the bulk levels of this lipid low. Recent studies have highlighted the prominent Pl and PI4P content of the Golgi,
where PI4P is synthesized by four different PI4K enzymes, while there is a relatively low amount of Pl in the PM, possibly as a result of rapid conversion to PI4P
by PI4KA. The pathways by which bulk Pl reaches the other organelles is yet to be identified, although there is evidence to suggest that the Nir2 protein could
deliver Pl in exchange for PA in ER-PM contacts. However, the mechanism by which PI4P present at the Golgi complex might reach the PM, as suggested by the
present study by Myeong et al. (2020), also awaits identification. It is also possible that these transfer processes may involve both vesicular and nonvesicular

lipid transfer components.

synthesized by the PI4KA enzyme (Audhya and Emr, 2002;
Nakatsu et al., 2012; Bojjireddy et al., 2014), which functions in a
tetrameric complex that is composed of TTC7 (A or B), Fami126A,
and the palmitoylated EFR3 (A or B) protein that anchors the
complex to the PM in mammalian cells (Lees et al., 2017). Cu-
riously, inhibition or genetic inactivation of PI4KA does not lead
to a decrease in the PI(4,5)P, levels in the PM, even though the
PM pool of the PI4P precursor decreases to almost undetectable
levels (Hammond et al., 2012; Nakatsu et al., 2012; Bojjireddy
et al., 2014). Only after PLC activation and rapid depletion of
PI(4,5)P, in the PM does PI4KA inhibition prevent restoration of
the PM pool of PI(4,5)P, (Hammond et al., 2012; Bojjireddy et al.,
2014). This apparent dissociation of the PI(4,5)P, content from
PI4P levels revealed a further complexity for understanding
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PI4P biology. As it turned out, the majority of the PI4P within
the cell is hydrolyzed by the ER-localized phosphatase Sacl, in-
cluding regulatory control of the Golgi and PM pools of PI4P (Foti
et al., 2001). The formation of PI4P in the Golgi complex, PM, or
endosomes together with its dephosphorylation in the ER set up a
PI4P gradient between the membranes of these organelles and the
ER. This gradient is used to transport other important membrane
lipids, including cholesterol and phosphatidylserine (PS), via
nonvesicular lipid transport by proteins that are capable of facil-
itating the counter-transport of PI4P and specific lipid cargoes
between the PI4P-rich membrane and the ER (recently reviewed
in Antonny et al., 2018; Lipp et al., 2020).

These recent developments have posed further challenges for
understanding the connection between PI4P production and the
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regulation of PI(4,5)P, turnover within the PM. Is the PM indeed
the sole source of PI4P for PI(4,5)P, production? This question is
especially relevant in light of recent studies that showed that the
PM has very little PI when compared with other organelles,
especially the Golgi complex (Pemberton et al., 2020; Zewe et al.,
2020). It is against this background that the studies by Myeong
et al. (2020) provide important new insights into the question of
how the PI(4,5)P, levels are maintained in the PM.

Myeong et al. (2020) have set out to investigate the mecha-
nism(s) by which cells slowly recover PI(4,5)P, within the PM
from its greatly reduced level following prolonged stimulation of
MIRs. The obvious first thought is that the receptor slowly de-
sensitizes during prolonged agonist exposure. However, unlike
some other G protein-coupled receptors, MIRs do not show
massive desensitization after agonist stimulation. Moreover,
analysis of the products of PI(4,5)P, hydrolysis did not suggest
their diminished production, as would be expected if the re-
ceptors were to desensitize. Here, the authors also employed a
detailed modeling approach that builds upon their previous
mathematical description of the enzymatic reactions comprising
the Pl-cycle (Falkenburger et al., 2010; Falkenburger et al.,
2013). In silico simulations of the diminishing PLC activity
supported the conclusion that receptor desensitization does not
explain the experimental findings related to changes in the
levels of PI(4,5)P, or its hydrolytic products. Next, using phar-
macological inhibitors of PI4KA and PI4KB, the authors con-
firmed that it is the PI4KA enzyme that is required for PI4P and
PI(4,5)P, regeneration during MIR stimulation. Using their
mathematical simulations of either an increased PIP5K or PI4K
activities during MIR stimulation, they found that only the latter
was able to faithfully mimic the experimental findings. Collec-
tively, these data suggested that MIR activation likely leads to
substantial increases in PI4KA activity.

The question then arose where in the cell does the increased
PI4P generation take place? Myeong et al. (2020) measured PI4P
levels both in the PM and at the Golgi complex using established
biosensors and found that PM levels of PI4P were maintained at
the expense of reductions to the Golgi PI4P content when cells
were stimulated, and even when PI4KA was inhibited. This
suggested that Golgi-derived PI4P contributed to the maintenance
of PM PI4P. To directly test this possibility further, the authors used
a rapamycin-inducible heterodimerization system that uses the
enzymatic activity of an engineered PI4P 4-phosphatase, pseudo-
janin, which was originally described by Hammond et al. (2012), to
acutely deplete PI4P levels specifically at the Golgi complex. These
experiments showed that depletion of Golgi PI4P had a profound
effect on both PI4P and PI(4,5)P, regeneration within the PM
during MIR stimulation. These data were also consistent with
previous reports that Golgi PI4P contributes to PI(4,5)P, mainte-
nance during agonist stimulation (Szentpetery et al., 2010; Dickson
et al,, 2014). This conclusion was further supported using a re-
finement of the mathematical model that now included compart-
mental separation of the Golgi and PM pools of PI4P.

In light of these new kinetic data, two major questions re-
main to be addressed. The first concerns the cellular localization
of PI4KA. Initial reports of the endogenous PI4KA localization
suggested that this enzyme was present in the ER (Wong et al.,
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1997), but the resolution of the images reported in this early
study did not allow for a precise localization of the protein to be
determined. Later studies using expressed and epitope-tagged
versions of the protein showed ER localization and a very mi-
nor presence in the PM (Balla and Balla, 2006). This contrasted
the importance of the protein for the maintenance of the PM
PI4P levels. Only after the discovery of the accessory proteins
(EFR3, TTC7, and Fam126A) that form a tetrameric complex with
PI4KA has it been shown that at least an important fraction of
the enzyme is PM localized (Baird et al., 2008; Nakatsu et al.,
2012). Myeong et al. (2020) now also show that overexpressed
PI4KA, together with the necessary EFR3, TTC7, and Faml26A
proteins, show a signal overlapping with the Golgi compart-
ment. The second question concerns the mechanism by which
PI4KA activity is enhanced by MIR stimulation. In a previous
report, it was shown that PI4KA activity was stimulated by PKC,
as revealed by the use of a low-dosage agonist exposure or by
direct pharmacological activation of PKC (Téth et al., 2016).
Myeong et al. (2020) have also found that PI4P levels in the PM
showed an increase at a low level of MIR stimulation or with
PKC activation. However, in their study, these increases were
not prevented by pretreatment with PI4KA inhibitors. There-
fore, the mechanism by which PI4KA activity is regulated re-
mains to be determined.

Taken together, these studies raise several important ques-
tions for the field. First and foremost, by what mechanism does
Golgi-generated PI4P reach the PM? Although several members
of the oxysterol binding protein family have been shown to
transport PI4P, their elimination actually increased, rather than
decreased the PI4P and PI(4,5)P, levels in the PM (Ghai et al.,
2017; Sohn et al., 2018). This is consistent with their proposed
functions related to the consumption, rather than building of
PI4P gradients between the PM and the ER. Identification of
such Golgi-to-PM PI4P delivery pathways, whether mediated by
relatively nonspecific vesicular membrane transport or more
specific nonvesicular lipid transfer pathways, will be an im-
portant step moving forward. Second, the question of how
PI4KA is anchored to the Golgi complex needs further studies. Is
the enzyme found with the same accessory proteins in the Golgi,
or there are alternative binding partners? Related to this ques-
tion is finding the molecular mechanism by which the activity of
the PI4KA enzyme is regulated; either directly or within the
known macromolecular assembly with TTC7, Fam126, and EFR3.
Does the PI4KA enzyme itself or its associated proteins undergo
phospho-regulation? Is the activity of the enzyme controlled by
substrate (PI) delivery either at the Golgi or at the PM? These are
exciting questions to be explored by future studies.

The concept of the PI cycle was introduced nearly 45 yr ago
(Michell, 1975), but simple and important questions remain to be
answered. As we gather more information about its various
constituent elements and their subcellular distribution, one
cannot help but be amazed by the complexity of this process.
Every time we feel a new piece has been successfully added to
the puzzle, more questions always appear to surface. This study
by Myeong et al. (2020) is not only an important contribution to
this field, but also is an inspiration for the continuation of our
search for answers.
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