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Abstract

Breaking of the cell membrane symmetry to form polarized or localized domains/regions of the
plasma membrane (PM) is a fundamental cellular process that occurs in essentially all cellular
organisms, and is required for a wide variety of cellular functions/behaviors including cell
morphogenesis, cell division and cell differentiation. In plants, the development of localized or
polarized PM domains has been linked to a vast array of cellular and developmental processes
such as polar cell expansion, asymmetric cell division, cell morphogenesis, the polarization of
auxin transporters (and thus auxin polar transport), secondary cell wall patterning, cell type
specification, and tissue pattern formation. Rho GTPases from plants (ROPs) are known to be
involved in many of these processes. Here, we review the current knowledge on ROP involvement
in breaking symmetry and propose that ROP-based self-organizing signaling may provide a
common mechanism for the spatial control of PM domains required in various cellular and
developmental processes in plants.

Introduction

Understanding the mechanisms underlying the formation of polarized/localized PM domains
is sorely needed to uncover both developmental mechanisms in plants, and the interaction of
plants with many pathogens and symbiotic microorganisms such as rhizobia and
mycorrhizae. Thus these processes have received increasing scrutiny in plant biology in
recent years. A common mechanism for the generation of localized/polarized PM domain
has emerged from recent studies in several model systems such as tip-growing pollen tubes,
interdigitated pavement cells, and patterning of secondary cell walls in vessel cells. This
design principle centers on the self-organizing regulatory system based on the signaling of
ROP GTPases, which belong to the family of Rho small GTPases conserved in eukaryotic
kingdoms [1-5]. It is not surprising that Rho-based self-organizing mechanisms also govern
cell polarization in fungal and animal cells [6-9]. Several key features of Rho-family
GTPases make them central regulators of the polar/local PM domains and these include: 1)
binary on/off switch controlled by RhoGEFs and RhoGAPs; 2) reversible regulation of
membrane localization by RhoGDIs and other molecules [5]; 3) the cytoskeleton, as a
universal Rho GTPase signaling target, which commonly feedback regulates Rho signaling.
This review focuses on the recent exciting findings that have shed light on how this
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conserved mechanism that produces specialized polar/local PM domains in specific
biological context is structured.

Self-organization of tip growth domains

Tip growth as found in pollen tubes and root hairs represents an extreme form of polar
growth, in which exocytic vesicles are targeted to and fuse with the growing domain of the
plasma membrane (PM), termed tip growth domain [10-13]. Pollen tubes were the among
first plant cell systems where a polarized PM domain was characterized at the molecular
level [14], and consequently the molecular basis for the generation of this polar domain has
been most extensively characterized [14-24]. These studies led to the formulation of a model
for the self-sustained mechanism of polar cell growth [4, 11, 22]. Active ROP1 forms an
apical cap at the PM, which defines the tip growth domain, and the apical cap is formed and
sustained by two interlinked feedback mechanisms: a positive feedback regulation to
laterally propagate the initially localized active ROP1, and a negative feedback-mediated
down regulation of active ROP1 to restrict the active ROPL1 to the apical cap [11, 19, 21,
22].

The detailed molecular mechanism underpinning ROP1 positive feedback regulation
remains to be elucidated, but it was shown that accumulation of the apical actin
microfilaments (F-actin), which is dependent upon RIC4, the ROP1 effector, is required for
the positive feedback regulation [17, 18, 25]. Tip-localized F-actin could target ROP1
positive regulators, including RopGEF1 [26], PRK2 [27, 28], and unknown PRK2 ligand/
via a direct or indirect mechanism, through actin-dependent polar exocytosis. In yeast, F-
actin also plays a role in the positive feedback regulation of the Rho GTPase CDC42 apical
cap, but is not essential [6, 29], illustrating the similar but contrasting mechanisms that
regulate the polar PM domains required for tip growth in pollen tubes and yeast cells.

F-actin, through its regulation of exocytosis, appears to also participate in the negative
feedback regulation of ROP1. The tip-localized REN1 RhoGAP is an essential regulator to
restrict active ROP1 to the apical cap. In the tip, REN1 is localized to exocytic vesicles,
whose exocytosis is required for REN1 to suppress ROP1 [20].

The actin/exocytosis-linked tight coupling of the positive and negative feedback regulations
of the apical ROP1 domain can explain how this domain can be maintained during rapid tip
growth in pollen tubes (up to 1 cm/hr). In pollen tubes, very large amounts of exocytic
vesicles fuse very rapidly to the tip growth domain. This could rapidly dilute active ROP1,
which defines this domain, resulting in the abolishment of the polar localization of ROP1
and therefore of the apical growth domain, if the feedbacks were not tightly coupled. In
contrast, such a tight coupling is not necessary in yeast, where exocytic fusion to the apical
domain is much slower. The regulation of the tip growth domain in root hairs, another
extensively studied type of tip growing cells in plants, is likely to share common
mechanisms with pollen tubes, as the apical ROP cap is also found at the tip of root hairs,
and the RLK-RopGEF module also regulates ROP activity [26, 30-33].

ROP-MT crosstalks produce local PM domains defining cell wall patterns

and cell shape

The localization and arrangement of cortical microtubules (MT) have long been shown to be
critical for cell shape formation. Cortical MTs, which are attached to the inner face of the
PM, direct the synthesis of cellulose by guiding the cellulose synthase complex, whose
localization and arrangement patterns spatially control cell expansion, and consequently cell
morphogenesis and growth. Thus the mechanisms controlling the PM domain containing

Curr Opin Plant Biol. Author manuscript; available in PMC 2013 December 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Yang and Lavagi

Page 3

specific cortical MT arrays underscore cell wall patterning and cell shape formation. Recent
studies have begun to uncover these mechanisms through the investigation of ROP-based
regulation of localized/polarized PM domains.

The puzzle-piece shaped leaf pavement cells provide a good system to study MT-associated
PM domains. These cells contain interdigitated domains enriched in parallel cortical MTs,
and domains lacking these MT arrays but enriched in cortical F-actin, which correspond to
indentation- and lobe-forming regions of the PM respectively. Consequently, cell wall
patterns with interdigitated regions containing thick and thin cellulose microfibrils are
generated, leading to the formation of the typical pavement cell wavy cell outline. What is
the underlying mechanism for the interdigitated patterning of cortical MT- and actin-
associated PM domains? It has been shown that locally activated ROP2 activates its effector
RIC4, inducing F-actin accumulation in the lobe-forming domain, while ROP6 is activated
in the indenting domain, which in turn activates RIC1 to promote ordered MTs [34, 35]
(Figure 1A). Active ROP2 sequesters RIC1 to inhibit the ROP6-MT pathway, while MT
suppresses ROP2 activation. Thus the two pathways mutually inhibit each other to generate
interdigitated ROP2-actin domains and ROP6-MT domains [4].

Interestingly, an elegant study from Fukuda’s group has now revealed an analogous mutual
inhibition between ROPs and MTs that underscores the patterning of the secondary cell wall
in xylem cells [36¢¢, 37¢]. Xylem vessel cells form patterned thickening of secondary cell
walls, such as spiral or pitted patterns, and cortical MTs are arranged in the same pattern to
direct the deposition of cellulose in the secondary walls (SW). A MT-associated protein,
MIDD1, which belongs to the ICR1/RIP family of novel ROP effector proteins [38, 39],
exhibits a patterned PM distribution that mirrors the pitted regions of SW in Arabidopsis
xylem vessel cells, promotes the disassembly of MTs in the cortical regions corresponding
to SW pits, and is required for the formation of these pits cells [36e, 37¢]. The same group
has now found that activated ROP11, which exhibits the localization pattern of MIDD1,
recruits MIDD1 to the PM in the pit regions. A constitutively active mutant of ROP11
uniformly distributed to the PM, induced uniform distribution of MIDD1 to the PM, and
caused the formation of uniform SW, which implies that spatial regulation to generate local
active ROP11 domains in the PM pit domains is required for the formation of pitted SW.
Interestingly, co-expressing the ROP activator RopGEF4 and the RopGAP3 negative
regulator with ROP11, is sufficient to generate active ROP11 domains in non-xylem cells,
suggesting a self-organization of active ROP11 domains. RopGEF4 localizes in clusters at
the center of active ROP11/MIDD1 domains, and its clustering requires active ROP11,
supporting the notion of a positive feedback loop for the activation of ROP11. RopGAP3,
which also co-localizes with ROP11/MIDDL1 in the pit domain, is required for the formation
of local active ROP11. Thus RopGAP3 may be involved in the negative feedback regulation
of ROP11 activation. Therefore the formation of local active ROP11 domains in the pit PM
in xylem cells appears to bear analogy to the formation of the apical cap of active ROP1 in
the apical PM in pollen tubes described above [18, 20, 22, 26].

Oda and Fukuda further provided evidence that the formation of normal pitted SW pattern
also involves the interaction of the ROP11/MIDD1 complex with cortical MTs. They
observed that cortical MTs restrict ROP11 in the pit PM domain through MT association
with MIDD1. Thus MIDD1 has two opposing functions: 1) promoting MT disassembly and
2) restricting ROP11 to the pit PM domain.

Mutual inhibition creates the active ROP11 domain and the MT domain, allowing the
formation of pitted SW. This is similar to the mechanism found in PCs, where ROP2-actin
and ROP6-MT mutually inhibit each other to generate alternating ROP2-actin domains for
lobing and ROP6-MT domains for indenting. This mutual inhibition may provide a more
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general mechanism for the local patterning of cortical MTs involved in various processes

such as tip growing cells (root hairs and pollen tubes). In pollen tube and root hair growth,
MTs appear to play a secondary/minor role in the spatial control of the tip growth domain,
as depleting these cells of MTs does not eliminate tip growth, but causes reduced polarity
and this MT-mediated polarity maintenance interacts with tip-localized ROPs most likely

through mutual inhibition [40].

The analogy in the mechanisms regulating polarity in the two systems can be further
extended to the action of distinct MT-associated proteins that act as ROP effectors. The SW
pattern is established through a ROP driven symmetry breaking system, and a mutual
inhibitory interaction between active ROP11 domains and cortical microtubules [36e]. The
dual action of MIDD1 is similar to that of RIC1 (the ROP6 effector), which on one hand
regulates MT organization, and restricts ROP2 activation on the other [35]. However, in
pavement cells, RIC4 in conjunction with ROP2 is responsible for the generation of lobes,
whereas in secondary cell wall patterning MIDDL is proposed to have a dual role: it
promotes disassembly at the microtubule tip whilst mediating the elimination of active
ROPs at the microtubule sides (Figure 1B).

Last but not the least, the self-organizing regulation of polar or local ROP11/MIDD1
domain resembles the mechanisms for the self-maintenance of lobing and indentations that
occurs within each and between two adjacent pavement cells. Just like the ROP11/MIDD1
domain, which is regulated by positive feedback, the ROP2-RIC4 lobing domain is also
regulated by a positive feedback through its regulation of PIN1 polarization in pavement
cells ([41+¢]; see below). In pavement cells, self-organization involves cross-talk between
the lobe-forming ROP2-RIC4 domain and the indentation-forming ROP6 domain found
between neighboring cells. This is mediated by auxin, which is exported by the auxin efflux
carrier PIN1 in the lobe-forming domain. PIN1-exported auxin is thought to activate ROP6
in neighboring cells at the steady state [41e¢] (Figure 1A).

In pavement cells, the ROP6-RIC1 pathway promotes the organization of cortical MTs in
the indentation-forming domain, but how MTs adjacent to the ROP11-MIDD1 domain are
organized is unknown. Given the extensive similarity between the two systems, it would not
be surprising if a ROP pathway were to be involved in the regulation of cortical MTs during
the patterning of secondary cell walls. Furthermore, auxin is known to be required for the
differentiation of xylem cells. It would be interesting to see whether auxin also does so by
activating the ROP signaling pathways during the xylem differentiation.

Auxin regulates the asymmetric distribution of PINs via ROPs

The quintessential small molecule phytohormone auxin coordinates numerous biological
processes in development, including patterning, morphogenesis and differential growth.
Auxin concentration gradients, that is the differential distribution of auxin within tissues, are
often required for auxin to exert its functions. Auxin concentration gradients are created by
both locally controlling its biosynthesis, and by regulating its transport between cells in a
polar fashion. Polar auxin transport is largely achieved by polar localization of the auxin
transporter transmembrane proteins PINs. Polar PIN distribution at the plasma membrane
has been shown to be achieved by asymmetric endocytosis and recycling of the PM PINs
[42-46]. Early experiments in Arabidopsis roots showed that PIN1 rapidly cycles between
the PM and an endosomal compartment via an actin-mediated mechanism [42, 43]
[reviewed in [47]]. The phosphorylation status of PIN proteins mediated by the protein
kinase PINOID and a phosphatase 2A complex has been shown to regulate the endocytic
trafficking of PIN proteins [48, 49] [reviewed in [50]]. Furthermore, phophoinositide
metabolism and calcium have also been shown to regulate the polar distribution of PIN
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proteins at the plasma membrane [51, 52]. However, none of these molecular events have
been linked to the regulation of the actin cytoskeleton that affects PIN trafficking.

Recent studies of ROP signaling have helped answering the long-standing question of the
actin connection to PIN trafficking and polar distribution. Importantly, these studies have
also uncovered a positive feedback mechanism for the polar distribution of PIN proteins at
the PM [53ee, 54+, 55¢]. As discussed above, in Arabidopsis leaf pavement cells, auxin
promotes the generation of lobes and indentations that lead to the typical puzzle piece
polarity through the activation of ROPs. Nagawa et a/. found that the endocytosis of PIN1,
which is preferentially localized to the lobe region of the PM, occurs in the indentation
region but is inhibited in the lobe region (Nagawa, Xu et al. 2012). The auxin-dependent
local activation of ROP2 in the lobe region inhibits PIN1 internalization into the endosomal
compartments, leading to higher levels of PIN1 distribution in the lobe region. PIN1
internalization in the lobe region is inhibited by the stabilization of the actin cytoskeleton
through the ROP2 effector protein RIC4 [53e¢]. Thus it was proposed that auxin activation
of ROP2, through the stabilization of cortical actin microfilaments, inhibits PIN1
endocytosis, allowing PIN1 polarization to the lobe region (Nagawa, Xu et al. 2012).
Polarized PIN1 exports auxin at the lobe region to activate more ROP2 in the same region,
providing a positive feedback mechanism for the polar PIN1 distribution.

In Arabidopsis root cells, auxin has been implicated in the polar distribution of PINs, where
it inhibits clathrin-dependent PIN endocytosis [56]. Insight into the mechanism through
which auxin inhibits PIN endocytosis was recently revealed in Arabidopsis roots with the
study of the DHR2-Dock Rho guanine nucleotide exchange factor SPIKEL. SPIKEL loss of
function induced PIN2 internalization that was not suppressed by auxin, as did the loss-of-
function mutations for ROP6 or its effector RIC1. These findings established a Rho GTPase-
based auxin signaling pathway that maintains PIN2 polar distribution to the PM by
inhibiting its internalization [54]. As in pavement cells, ROP-based auxin signaling
participates in the positive feedback regulation of PIN polar distributions in root cells.
Furthermore, the ROP6-RIC1 pathway appears to promote the stabilization of actin
microfilaments to inhibit PIN2 endocytosis [54], as shown for the ROP2-RIC4 pathway in
pavement cells.

In Arabidopsis root cells, auxin inhibition of PIN1 and PIN2 endocytosis is mediated by the
putative cell surface auxin receptor auxin-binding protein 1 (ABP1) [57¢]. It was found that
ABP1 promotes PIN1 endocytosis, and that auxin inhibits PIN1 endocytosis by inhibiting
ABP1 [57¢]. It was recently shown that ABP1 promotes clathrin-mediated endocytosis by
inhibiting the ROP6-RIC1 pathway [55]. Secreted ABP1 must interact with other partner(s)
to transmit auxin signaling to the intracellular ROP signaling pathways [58]. Because ROP
activators RopGEFs are known to interact with receptor-like kinases (RLKS) (Zhang and
McCormick. 2007; Duan et al. 2010), it is reasonable to speculate that ABP1 may interact
with an RLK to transmit the auxin signal to the intracellular signaling pathways [58].

A possible involvement of ROPs in PIN recycling is suggested by the study of the ROP
interactor and polarity regulator scaffold protein ICR1, which was found to be required for
the recruitment of PIN proteins to the plasma membrane polar domains. icrZ mutants display
a wide range of severe developmental defects caused by a compromised differential auxin
distribution. These findings imply that ICR1 is part of an auxin regulated positive feedback
loop mediated by ROPs to modulate cell polarity [59].
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Conclusions

Most cells in both animals and plants are polarized and possess distinct PM domains.
Creating, maintaining, and modulating these domains is a key process in biology requiring
tight regulation and plasticity. The formation of these PM domains results from the
polarized trafficking of proteins and lipids. In recent years, Rho-family small GTPases have
been shown as central regulators of polarity in different multicellular organisms by
modulating polarized trafficking. In plants, a self-organizing (i.e., positive feedback)
mechanism based on ROPs (Rho-like small GTPases from plants) has emerged as a common
mechanism for symmetry breaking to generate polar or local PM domains. Processes that
have been shown to rely on this common mechanism include tip growth, pavement cell
morphogenesis, secondary cell wall patterning in xylem cells, and PIN polarization. An
important future avenue of research will be to investigate whether ROP-based symmetry
breaking provides a universal mechanism for the generation of polarized PM domains
required for many other processes to occur such as vascular development (Truernit, Bauby
et al. 2012), the formation of Casparian strips from the endodermis [6060, 61], and
asymmetric cell division during the guard cell differentiation [62]. Another critical aspect
that should receive attention in the near future includes the elucidation of the processes that
allow distinct cell types to use the ROP-based symmetry breaking mechanism to generate
distinct polar PM domains with distinct structures and functions. Emerging evidence
suggests that functionally distinct ROP downstream effector proteins are critical for the
generation and functioning of distinct local PM domains. Future challenges lie in the
elucidation of the molecular mechanisms by which ROPs are regulated to generate and
maintain these polar PM domains.
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Figure 1. The spatial control of PM domains by the mutual inhibition between cortical MTs and

ROP signaling

A. Mutual inhibition between the ROP2-actin pathway and the ROP6-MT pathway to
maintain the interdigitated PM domains for lobe and indentation formation in pavement cells
(Fu, Gu et al., 2005; Fu, Xu et al., 2009; Xu, Wen et al. 2010) ROPs shown in the figure are
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in their active state and therefore GTP-bound. B. Secondary cell wall patterning in vessel
cells is modulated by the mutual inhibition between the ROP11-MIDD1 pathway and
cortical MTs (Oda, lida et al., 2010; Oda, Fukuda. 2012).
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