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Linking PIN polarity generation mechanisms to morphogenic auxin gradients
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Auxin efflux carrier PIN proteins have been intensively investi-
gated as they are the first polar cargos to be identified in plants with
a direct relevance for plant patterning. Based on their polar localiza-
tion; PIN proteins direct the intercellular flow of signaling molecule
auxin and thus bear a rate limiting effect on the formation of auxin
activity gradients. With this influence on directionality and extent
of auxin transport PINs play crucial roles in plant body organiza-
tion. Many factors such as vesicle trafficking regulator ARF-GEF
GNOM, a kinase PINOID, a retromer complex and membrane
sterol composition influence polar PIN localization. Recent work
uncovers the mechanism that generates default PIN polarity. Real
time PIN tracking reveals that PIN polarity is generated from
initially non-polar secretion via endocytosis and subsequent polar
recycling. In addition, the Rab5 endocytic pathway emerges to
be important for polar PIN localization as Rab5 interference
causes non-polar distribution of PINs. This non-polar distribu-
tion of PINs during embryogenesis transiently alters auxin activity
gradients and changes organ identity by transforming embryonic
leaf cells to root fates. These findings for the first time link PIN
polarity-based auxin activity gradient to cell fate decisions and thus
demonstrate morphogen (a substance influencing cell fates on its
concentration gradient) characters of auxin. They also suggest an
auxin activity distribution-dependent sensing module that executes
differential apical and basal developmental program during plant
embryogenesis.

Cell polarity is one of the fundamental aspects of development.
In unicellular organisms polarized molecules provide spatial cues
for cell division and expansion whereas in multi-cellular organ-
isms they provide developmental guidelines as early as upon
fertilization of the egg. Polarized epithelial cells provide a model
experimental system for analyzing cell polarity in mammals.! They
possess apical and basolateral plasma membrane domains those are
physically separated by tight junction diffusion barriers.? Plant
cells posses up to four distinct plasma membrane domains inferred
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from differential localization of plasma membrane proteins at four
distinct cell sides.>* In addition, plant cells lack physically inde-
finable tight junctions that separate plasma membrane domains by
creating diffusion barriers. Furthermore, a single Golgi compart-
ment is localized near the nucleus in mammalian cells, whilst
plant cells possess several individual Golgi compartments that are
distributed throughout the cell and display significant dynam-
icity.> Finally, plant cells are encased in cellulose-containing cell
wall compartments and bear high turgor pressure that can influ-
ence membrane composition and trafﬁcking.6

Cell polarity plays essential roles in mammalian development as
perturbations in cell polarity regulators directly influence patterning
and development.”-® The intimate relationship between cell polarity
and development is perhaps even more prominent in plants as
individual plant cell positions are fixed by their surrounding
neighbors. Therefore, generation and perception of cell polarity
is translated into oriented cell divisions, which fix tissue structure
and thus determine plant architecture. In mammalian neurons
the first manifestation of polarity is acquisition of axonal charac-
teristics followed by remaining processes leading towards dendrite
formation. However, in certain in vitro experimental conditions
the axonal characteristics could be retained by altering the dendrite
polarity characteristics back to axons.” Whereas, the motile fibro-
blast apparently alter the front-rear polarity axis to change their
crawling direction.1? Strikingly, plant cells often alter their polari-
ties during development in response to internal cues and external
stimuli without drastically altering fates or positions indicating
existence of plant-specific polarity mechanisms.!"!4 In order to
better understand plant developmental programs or responses to
the environment, it is crucial to understand the mechanistic basis of
cell polarity generation and regulation in plants and to compare and
contrast it with the established mechanisms in non-plant systems.
Here, first I briefly review polarization mechanisms that have been
established in mammalian cells to then propose mechanisms for cell
polarity generation and regulation in plants in the light of recently

14-16

published manuscripts on this topic.

Cell Polarity Regulation in Mammalian Cells

Mammalian cells possess distinct plasma membrane domains
marked by specific protein complexes that not only first define the
polar domains but also attract and/or retain polar cargo. Plasma
membrane-destined proteins are first synthesized and later on sorted
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into specialized carrier vesicles that deliver the cargo to one particular
plasma membrane domain. Cell polarity is regulated by inter-
play between three major components!'’: (i) intrinsic mechanisms
sort membrane proteins into different post-Golgi and endosomal
compartments for their delivery to different plasma membrane
domains, (ii) protein complexes at the plasma membrane such as
PAR,'®19 Crumbs and Scribble?®?! control the identity of particular
plasma membrane domain that attracts a particular polar cargo and
(iii) extrinsic cues such as cell-cell adhesion and tension control the
orientation of cell polarity with respect to surrounding cells or the
extracellular matrix. For the protein sorting-based intrinsic mecha-
nism two basic scenarios exist: (a) a biosynthetic polarized delivery
and (b) non-polar biosynthetic delivery followed by endocytic recy-
cling towards the side of preference.??

Cell Polarity in Plants: PIN Proteins as Polarity Readouts
or Polarity Regulators

Auxin efflux carrier PIN proteins are the first identified cell
polarity markers in plants.?3 Based on their polar localization they
guide the cell to cell transport of signaling molecule auxin.?4 PINs
are the transmembrane proteins that show the ability of endocytic
recycling.?5 Under certain developmental or environmental-response
situations they can alter their localization from one cell side to

another!1-14

thus they provide molecular tools for investigating cell
polarity in plants. In contrast to mammalian cells where plasma
membrane identity generators such as PAR, Crumbs and Scribble
define cell polarity, no proteins that define cell polarity in plants
have been described yet; neither do the sequenced plant genomes
possess direct homologues of PAR, Crumbs and Scribble. Therefore,
an important question is whether PIN trafficking machinery read
out unidentified cell polarity cues for targeting PINs to appro-
priate cell side or whether PIN trafficking machinery itself define
the default targeting of PINs to one particular side irrespective of
influence of other cues and thus mark different plasma membrane
domains in plant cells and then modify it by feedback regulating
with other cues? The first option would require identification of the
missing polarity factors that would be the dictators for docking of
PIN to one defined cell side. To address the second ‘intrinsic PIN
trafficking machinery itself in command’ option it first needs to be
resolved whether intrinsic vesicle trafficking components can deliver
PINs at proper plasma membrane domains by a trial and error based
kinetic mechanism and whether manipulation of the intrinsic vesicle
trafficking affect the polar localization of PINs.

A Two Step PIN Trafficking-Based Mechanism for PIN Polarity
Generation

Recently the vesicle trafficking mechanism by which PIN polarity
is generated in plant cells has been investigated by a real time
microscopy applied to single polar cells in intact plants involving
a two-pronged approach: (i) analysis of recovery of freshly synthe-
sized Yellow fluorescent protein (YFP)-tagged PIN1 at the plasma
membrane after its complete photo bleaching within entire cell
and (ii) analysis of initial targeting of freshly synthesized PIN1
after its induced expression in cells in which PINT1 is generally not
expressed.!® This analysis revealed that after synthesis PINs are first
targeted to the plasma membrane in a random manner and are
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Figure 1. Mechanisms for default PIN polarity generation in plant cells. Two
main scenarios exists: one-step mechanism involving polar secretion or a
two-step mechanism involving non-polar secretion followed by either lateral
diffusion or endocytic recycling. PIN localization at the plasma membrane
is depicted in red.

subsequently endocytosed and recycled to the side of preference
(Fig. 1).!> Taking into account that PINs display litcle lateral diffu-
15:26.27 and rapid endocytosis (as indirectly inferred from BFA
treatment!42%:2028) polarized endocytic recycling towards the side

sion

of preference (that may either involve a polarized docking/retaining
factor for attracting recycling PIN vesicles or may involve polarized
recycling pathway) can explain PIN polarity generation. When PIN
internalization is impaired either by a short term increment in auxin
(that has previously been shown to impair endocytosis*®) or by
interference with the Rab5-mediated endocytic pathway,!>-30 PINs
remain largely non-polar suggesting an important role for endocytosis
in PIN polarity generation.!> As BFA sensitive ARF-GEF GNOM
has been established as a key regulator for polarized recycling in
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Figure 2. Mechanisms for gradual delivery of PIN to the side of preference at the expense of its removal from other cell sides. PIN localization at the plasma

membrane is depicted in red.

plants?>28:31 the two step model of PIN polarity generation!® brings

GNOM into a new perspective by placing it at the second post-
endocytic step. In gnom mutants or upon BFA treatment coordinated
polar localization of PINT is strongly affected!42>-28:31 stressing that
polarized recycling is as important as endocytosis for acquiring PIN
polarity. In case of short term BFA treatment (presumably imme-
diately locking GNOM functionality) PIN1 displays a less polar
localization even before PIN-labeled BFA compartments attain their
normal enlarged size, which may suggest that default non-polar
secretion still occurs at early stages of BFA treatment. For this a BFA
resistant intact secretary pathway must operate. In accordance BFA
resistant ARF-GEF GNLI operates at the Golgi for BFA-resistant
secretion.>33 Another previous study investigating relation between
cell fate and PIN polarity during organ regeneration in plants also
supports the initial default non-polar targeting as in case of cell fate
alteration-mediated renewed expression, PIN molecules first arrive
at the plasma membrane in a non-polar manner and then later on
attains polar localization.3*

The polarization of yeast and mammalian cells relies also on
membrane sterols for polar targeting of proteins to the plasma
membrane, their polar endocytic recycling and restricted lateral
diffusion.3>3¢ Tt has been shown in plants that correct membrane
sterol composition is essential for the acquisition of PIN polarity?”-37
and the sterol composition of the plasma membrane can influence
endocytosis that in turn influences PIN polarity.?” In addition, PINs
15,26,27 and
PINs reside in detergent resistant membrane domains and interact
with another plasma membrane auxin transporter ABCB19 that is
stably associated with sterol/sphingolipid-enriched membrane frac-
tions.?8 Together these findings suggest that lateral diffusion of PINs
is restricted by its linking to less mobile membrane component(s)
and thus takes away the possibility of membrane diffusion-based PIN
polarity attainment (Fig. 1).

An important issue is how the side of preference builds up PIN

localization at the expense of removal from all other cell sides. For

display less lateral diffusion within plasma membrane

this four scenarios can be envisaged (Fig. 2): (i) equal endocytosis
from all cell sides followed by targeted recycling towards the side

186

Communicative & Integrative Biology

of preference so that the cargo localized at the side of preference
will also be internalized and continuously replenished through
directed recycling thus gradually increasing the extent of cargo at
one particular side, (ii) equal endocytosis from all cell sides followed
by targeted recycling towards the side of preference where a docking
factor is present that preferably recognizes the recycling cargo (and
not the freshly synthesized one), (iii) less endocytosis-based retrieval
of cargo at the side of preference by a polarly localized stabilizer that
retains the freshly synthesized cargo and also recognizes the recycling
cargo or (iv) a polarized cytoskeleton component that favorably
delivers only the recycling cargo (by recognizing some modified
feature of internalized cargo such as phosphorylation) to a side of
preference. So far no PIN docking factor or stabilizer that could also
be polarly localized and thus would mark the cell side at which either
freshly synthesized and initially delivered PIN should be retained
or the internalized PIN from other cell sides should be targeted has
been isolated. Microtubule plus ends has been proposed to provide
the link between cell polarization and vesicle trafficking during cell
division.?® However, polarized cytoskeleton and its relevance for
PIN polarity in interphase cells have so far not been identified in
plant cells. Therefore, equal endocytosis and active targeted recycling
option seems more feasible. This option will also provide flexibility
to alter polarized recycling without first changing the docking factor
that could be relevant for many rapid PIN polarity alterations those
are required for auxin transport-dependent plant response and devel-
opmental programs.

Another question that arises is whether PIN can perform the auxin
efflux activity immediately after its initial non-polar targeting or does
it acquire this capacity only after its endocytosis by some posttrans-
lational modification such as phosphorylation. By seeing the effects
of initial plasma membrane delivered PIN on auxin distribution
in case of endocytic impairment in planta'® and effects of PINs in
some cells where they display non polar localization (e.g., non-polar
PIN1 during early stages of embryogenesis and PIN3 in columella
cells) it seems that PINs are able to perform the auxin efflux func-
tion right away from their first default non-polar targeting. On the
other hand endocytic recycling also has influence on auxin transport
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as in case of impairment of actin cytoskeleton (on which the PIN
loaded vesicle traffic) the plasma membrane localized PIN alone is
unable to efficiently perform the task of auxin efflux.4” How does the
PIN topology on either a vesicle membrane or a plasma membrane
can influence auxin efflux? In case of secretory delivery of PIN to
the plasma membrane presumably the topology of PIN should be
reversed in the secretory vesicle. Once this vesicle is fused with the
plasma membrane then the topology of PIN at the plasma membrane
should become normalized. After endocytosis the topology of PIN
on the endocytic vesicle will be reversed again which may lead to
the accumulation of cytosolic auxin in the endocytic vesicle (by PIN
mediated efflux of cytosolic auxin inside endocytic vesicle). This
endocytic vesicle accumulated auxin could be expelled out after the
fusion of recycling endocytic vesicle with the plasma membrane in a
mechanism that has been compared before to neurotransmitter-like
secretion.*! Therefore, although PIN influences the directionality
and extent of auxin transport a lot remains to be discovered on how
exactly PIN performs auxin efflux.

Effect of Auxin on PIN Expression and PIN Localization

42,43 15,44,45

Auxin affects expression and localization of its carrier
possibly through a canalization hypothesis where a substrate regulates
its own trasporter.“® A comparable scenario exists in mammalian cells.
In mammalian cells, hormone insulin promotes glucose uptake into
muscle and adipose tissues through glucose transporter 4 (GLUT4).
The insulin-sensitive glucose transporter GLUT4 is translocated to
the plasma membrane in response to insulin and recycled back to the
intracellular store(s) after removal of the hormone.?” In unstimulated
cells, rapid endocytosis, slow exocytosis and dynamic or static reten-
tion cause GLUT4 to concentrate in early recycling endosomes, the
trans-Golgi network and vesicle-associated protein 2-containing vesi-
cles. In stimulated cells insulin modestly reduces GLUT4 endocytosis
whereas it increases the rate of GLUT4 exocytosis and fusion with
the plasma membrane. Perhaps auxin also utilizes such a dual-regu-
lation mechanism by influencing PIN expression (and exocytosis) on
one hand and retaining PIN at the plasma membrane by inhibiting
PIN endocytosis. The effect of auxin on PIN expression and on its
cellular abundance (and functionality) is definitely important as PIN
mutangs! 1223424849 4nd overexpressions'>> have typical auxin
transport related defects. Whereas the effect of auxin on PIN localiza-
tion could be very important as then by modulating PIN localization
at particular cell side auxin can be transported in particular direction.
The effect of auxin on PIN expression and localization seems more
complex for two reasons: (i) under short term induction of auxin
synthesis or auxin application PIN expression is enhanced, whereas
in case of long term auxin synthesis or application PIN expression
is repressed®®43 and (ii) auxin regulates PIN polarity in a different
manner than GLUT protein regulation by insulin as GLUT proteins
remain largely non-polar in polarized cells.!

How auxin gradient is perceived and translated into the modula-
tion of PIN polarity in individual cells still remains to be resolved,
even though it is a crucial aspect of auxin-dependent self-organizing
and reiterative developmental processes. Does auxin regulate PIN
polarity by directly affecting PIN trafficking machinery or does
auxin influence PIN polarity through cell fate and auxin response
machinery regulation is still a matter of debate. The importance
of endocytosis for PIN polarization!® together with experiments

www.landesbioscience.com

that causally link effect of auxin on endocytosis®® and on PIN
polarity!>4445 has interesting implications in terms of direct effect of
auxin on PIN trafficking machinery. It provides a possible mechanism
for feed-back regulation of PIN polarity by auxin itself that is a
necessary component of many recent models of auxin-mediated
development.®25¢ Two different mechanisms of PIN polarization in
response to auxin have been proposed: (i) a slower polarization away
from the auxin source as shown for example during vascular tissue
development*# and (ii) more rapid polarization towards the auxin
maxima as shown during phyllotactic organ initiation.” Both of
these mechanisms might be explained further by taking into account
the effect of auxin on PIN endocytosis and/or polarized recycling
(Fig. 3). As shown in Figure 3, I propose multiple options that could
operate either individually or together to obtain auxin-mediated
polar PIN localization. It will now be important to ascertain which
of the auxin-mediated PIN polarity mechanisms (by the influence of
either differential endocytosis or targeted recycling) actually operate.
Based on molecular modeling approaches coupled to real time in
vivo analysis endocytosis dependent polarized targeting rather than a
differential endocytosis has been recently reported for establishment
of polarized localization of Cdc42 in budding yeast cells.”® Hence
feedback loop-based and auxin-guided repeated targeting of PIN to
one particular cell side for its gradual build up there seems to be a
more favorable case. The effect of auxin on PIN polarity through its
effect on cell fate34 and through its effect on auxin response factors**
has also been shown. However, in both of these cases auxin seems
to have much slower effect on PIN polarity that could have certain
limitations in terms of explaining rapid effects of auxin on PIN
polarity those are required for fast alterations in auxin fluxes under
certain situations.

Rab5 Proteins: Common Endocytic Regulators
in Animals and Plants

In mammalian cells, small GTPase Rab5 is a key regulator of
endocytosis. Rab5 affects endocytosis via regulation of clathrin-
coated vesicle formation at the plasma membrane, fusion of plasma
membrane-derived vesicles to endosomes and fusion between endo-
somes.””% Rab5 localizes to endosomes and acts as molecular
switch by cycling between the GDP-bound and GTP-bound
states.®! In mammalian cells dominant negative (DN) mutants of
Rab5 (GDP-locked Rab5) inhibit clathrin mediated endocytosis
whereas dominant active (DA) Rab5 (GTP-locked Rab5) accelerate
endocytosis suggesting the rate limiting effect of Rab5 activity on
endocytosis.>?:00:62

Arabidopsis possesses two direct homologues of Rab5 namely
Ara7 and Rhal. Genetic analysis shows that single mutants of arz7
and rhal do not display any defects suggesting functional redun-
dancy, whereas the ara7rhal double mutant is gametophyrtic lethal,!?
indicating their vital role. In addition, two mutant alleles of activator
of Ara7 and Rhal, AtVps9a that contains a highly conserved Vps9
domain which is a landmark for the Rab5 activator GEFs® bear
developmental defects. The null allele arps9a-1 is embryo lethal
and the leaky allele arps9a-2 displays less severe postembryonic
defects.!>%% These results show that Rab5 pathway is essential for
plant development. Rab5 pathway affects PIN polarity via its effects
on endocytosis.”> In Arabidopsis Rab5 homologues have been

largely localized to endosomes®*>-¢7 and, therefore, how they could
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Figure 3. Mechanisms for effect of auxin to attain/maintain polar PIN localization. For this auxin (either intracellular, extracellular or both) could influence
PIN polarity by influencing differential endocytosis, targeted recycling or both. (A) Intracellular auxin could trigger differential endocytosis positively (more
endocyosis on the cell side with more auxin and less endocytosis on the cell side with less auxin, leff) or negatively (more endocytosis on the cell side with
less auxin and less endocytosis on the cell side with more auxin, right). (B) Extracellular auxin could trigger differential endocytosis in positive or negative
manner depending on its extent. (C) Intracellular auxin could trigger targeted recycling positively (away from the cell side with more auxin towards cell side
with less auxin, left) or negatively (away from the cell side with less auxin towards cell side with more auxin, right). (D) Extracellular auxin could trigger
targeted recycling in positive or negative manner depending on its extent. Light blue color depicts auxin and red color depicts PIN localization at the plasma

membrane (small red colored boxes) or PIN trafficking (red colored rectangles).

influence the early steps of PIN endocytosis is an obvious question.
Similar scenario where Rab5 localizes mainly to endosomal compart-
ments and still strongly influences clathrin mediated endocytosis
at the plasma membrane bothered mammalian cell biologists until
recently. Recently in worms RME-6 (a Rab5 activator) was found
to load activated RAB-5 onto nascent clathrin-coated vesicles.®®
Failure to load activated Rab5 on these vesicles render them fusion
incompetent and thus trap them en route to endosomes. Based on
the fact that PINs are internalized largely by clathrin mediated endo-
cytic pathway,?® they pass through Rab5 positive compartments (our
unpublished results) and that Rab5 interference affects PIN endocy-
tosis, ! it could be hypothesized that Rab5 indirectly affects clathrin
mediated endocytosis by inducing traffic jam of internalized vesicles
between the plasma membrane and the endosomal compartments.

Endocytosis-Mediated Changes in PIN Polarity Affect Cell
Fates and Organ Identity

Interference with Arabidopsis Rab5 endocytic pathway disrupts
PIN polarity and transiently modifies embryonic auxin distribution
by increasing the auxin response maxima in cotyledon primordia.
Interestingly, this appearance of ectopic auxin maxima results into
expression of auxin pathway-associated molecular components,
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those are required for root formation,®”7? at the cotyledon regions.

Accordingly, cells in cotyledons shift to root cell fate and roots are
initiated (Fig. 4). This is the first example of vesicle trafficking
process that connects PIN polarity changes to quantitative changes
in auxin maxima and according changes in the cell fate-determining
transcription factors. As altering the distribution of auxin subse-
quently alters cell fates these new results demonstrate morphogen (a
substance influencing cell fates by its concentration gradient) charac-
ters of auxin. In case of gnom coordinated polarity of PINT1 is altered
and PINT is largely localized to the apical cell side.'#3! This largely
apical PIN localization enhances auxin accumulation in the apical
half of the embryo and as a result the cotyledons are fused. A similar
PINT apicalization happens in case of expression of PINOID kinase
under the control of strong embryonic RPS5a promoter.!> However,
neither gnom nor overexpressed PINOID causes organ identity alter-
ations. Embryonic PIN polarity manipulation by sustaining default
non-polar PIN localization (by endocytic impairment of PINs or
by PIN overexpression) transiently alters auxin distribution that
eventually leads to altered cell fates and organ identities.!> Plausible
scenario for mechanism underlying the observed homeotic organ
transformations is that endocytosis defects cause failure of PIN polar-
ization leading to ectopic auxin accumulation at the place of auxin
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Figure 4. Distribution-based morphogenic auxin activity gradients for embryo patterning in plants. Left two sketches show the schematics of auxin response
maxima in control (with polar PINs) and in non-polar PIN case, where enhanced auxin response maxima at the cotyledons trigger root program. The picture
on the right shows a control seedling (with normal cotyledons and root) and a seedling with PIN polarity manipulation (displaying root emergence from a

cotyledon). Auxin response maxima are depicted in green.

7173 \where downstream PLT expression

synthesis in the cotyledons,
ultimately leads to transformation of cotyledon fates into root fates.
The failure of PIN polarization during embryogenesis apparently
disrupts auxin flow from developing cotyledons to the root pole and
consequently auxin levels from auxin production rises here leading
to establishment of ectopic auxin response maxima at cotyledon
positions. Embryonic cells are competent at this stage to interpret
the elevated auxin response as a positional signal for root formation
and accordingly they express root fate-promoting transcription factor
PLT1,%%70 that sets up the initiation of roots at the positions of
embryonic leaves. Although auxin accumulation by non polar PIN
localization provokes fate changes and organ identity alterations in
small number of significant cases, the exact mechanism how it does
still remains unclear especially when drastic alterations in embryonic
auxin distribution in grnom mutant and PINOID overexpressors do
not show these phenotypes. Perhaps it is strictly required that altera-
tion in auxin distribution should be transient in order to facilitate
fate changes and in case of drastic auxin alterations embryonic cells
just shut down the whole developmental program.

Perspectives

In Drosophila, Wingless, Hedgehog and Decapentaplegic
morphogen form gradients from their secretory source cells to the
consuming sink cells by their regulated endocytosis in cells along
their translocation paths and thus trigger their concentration-
dependent developmental program.”47> Upon endocytic inhibition,
the morphogens spread randomly without forming a proper gradient
and affects wing disc patterning.”47> In analogy, recent results in
plants indicate an important role for endocytosis in morphogenetic
auxin activity gradient formation. However, in Drosophila wing
discs morphogens are transported without a carrier and hence cell
polarity alteration may not necessarily directly alter the trafficking
of the morphogens. Recent findings in plants on the other hand
reveal a strong interconnection between endocytosis, cell polarity and
gradient-based patterning involving a relevance of the polarity of a
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carrier to the development of morphogen gradient. These findings
also suggest that in embryo with less auxin accumulation a shoot
program is initiated whereas with more auxin activity a root program
is initiated. The new results are important steps in our understanding
of the way plants grow and they also promise novel long-term future
possibilities to modify the positioning of plant organs by localized
transient alterations of PIN polarity and PIN polarity-based auxin
activity gradients.
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