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Abstract

Auxin is well known to control pattern formation and directional growth at the organ/tissue levels
via the nuclear TIR1/AFB receptor-mediated transcriptional responses. Recent studies have
expanded the arena of auxin actions as a trigger or key regulator of cell polarization and
morphogenesis. These actions require non-transcriptional responses such as changes in the
cytoskeleton and vesicular trafficking, which are commonly regulated by ROP/Rac GTPase-
dependent pathways. These findings beg for the question about the nature of auxin receptors that
regulate these responses and renew the interest in ABP1 as a cell surface auxin receptor, including
the work showing auxin-binding protein 1 (ABP1) interacts with the extracellular domain of the
transmembrane kinase (TMK) receptor-like kinases in an auxin-dependent manner, as well as the
debate on this auxin binding protein discovered about 40 years ago. This review highlights recent
work on the non-transcriptional auxin signaling mechanisms underscoring cell polarity and shape
formation in plants.

Introduction

Cell polarity, structural and functional asymmetry within a cell, is fundamental to cell
functions in all cellular organisms [1,2]. Plant cells display a diverse array of polarity, e.g.
asymmetric distribution of molecules or structures and asymmetric cell growth/expansion
and division. Therefore, cell polarization is a fundamental cellular mechanism for
developmental regulation and growth modulation in plants, such as cell morphogenesis, cell
fate specification, early embryogenesis, and pattern formation [2-5].

In most cases, cell polarization needs a specific signal, either internal or external, to break
cell symmetry and initiate polarization events [1,2]. Asymmetric auxin distribution patterns
(so-called auxin gradients) provide positional cues for establishing cell polarity and this
initial cue can be reinforced by its downstream signaling events, which consequently trigger
a multitude of responses. Polar auxin transport plays a crucial role in the generation of
diverse polarity systems, such as polar positioning of root hairs in the trichoblast. Polar
auxin transport is largely mediated by the PIN-FORMED (PIN) auxin efflux carriers [6,7]. It
has been proposed that the polarity of auxin efflux proteins and auxin gradients form a
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positive feedback relationship: efflux protein polarity determines the direction of auxin flow,
which in turn induces continued efflux protein polarization [5,8,9]. A key to validating this
hypothesis is to determine how the distribution and the activity of PIN proteins are spatially
regulated. PIN polarization and PIN-mediated auxin efflux is also proposed to form a
positive feedback loop that is critical for polarized growth during leaf pavement cell (PC)
morphogenesis [10,11]. In addition to PIN polarization, auxin has also been shown to
promote polar cell growth in single cell model systems, such as root hairs and pollen tubes.
These auxin-mediated cell polarization processes appear to be regulated by a common
signaling module (RLK-ROP GTPase) [12].

Auxin is a multi-functional phytohormone that modulates nearly all aspects of plant growth
and development [13]. It has been well established that a great number of auxin responses is
associated with TRANSPORT INHIBITOR RESPONSE1/AUXIN SIGNALING F-BOX
(TIR1/AFB)-based nuclear signaling that triggers large scale reprogramming of gene
expression [14,15]. However, increasing studies show that auxin also activates ROP GTPase
signaling that directly regulates cytoskeletal dynamics and organization, which is required
for cell polarization in the cell systems mentioned above. This auxin signaling is thought to
require a cell surface auxin receptor that is distinct from the nuclear TIR1/AFB receptors.
This is strongly supported by a large battery of data, such as rapid activation of ROPs by
auxin, the localization of the ROP signaling modules to the cell surface, the requirement of
the ROP-dependent processes for PIN-mediated auxin export to the cell surface, and the
auxin-dependent interaction of the auxin-binding protein 1 (ABP1) with a transmembrane
kinase (TMK) receptor-like kinase that regulates ROP signaling [10,16-18].

In the present review, we discuss these new roles of auxin and our recent progress in
understanding the mechanisms by which auxin regulates cell polarization and
morphogenesis.

Auxin regulates polar targeting of PIN proteins and polar auxin transport

The pattern of auxin distribution regulates a diverse array of processes during plant growth
and development. The polar auxin transport that generates auxin patterns is critically
determined by polar localization of PIN proteins at a specific side of the plasma membrane
(PM). 1t has been observed that PIN proteins cycle between the PM and intracellular
compartments through different trafficking pathways [19]. This polar trafficking of PINs
from and to the PM can be tightly regulated by the coordination of the clathrin-dependent
endocytosis [20] and the GNOM ADP-ribosylation factor-guanine-nucleotide exchange
factor (GNOM ARF-GEF)-mediated endosomal recycling [21,22]. An intriguing question is
what mechanisms enable plants to maintain the residence of PIN proteins at the correct side
of the PM? Given that auxin has been known for its ability to regulate its own transport
[5,9], it is no surprise to find that auxin itself is involved in modulating PIN distribution. It
has been shown that short auxin treatment promotes the expression of different PIN genes
[23-25]. Apart from transcriptional regulation, several studies reported that auxin enhances
PIN abundance at the PM by blocking the clathrin-mediated internalization, thus promoting
its own efflux from cells [11,26,27]. Using Arabidopsis leaf PCs, several recent studies from
our group led to a detailed mechanistic model for this non-transcriptional positive feedback
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model for auxin-mediated PIN polarization: auxin triggers the activation of the ROP2
signaling pathways, which in turn promotes the formation of F-actin in the lobe region and
locally inhibits the clathrin-dependent PIN1 endocytosis, resulting in lobe-specific PIN
localization [10,11,28]. PIN exports more auxin into the cell wall and consequently forms a
positive auxin feedback loop for PIN1 polarization [10,11,28]. Interestingly, this auxin-
dependent positive feedback and self-polarizing system has also been illustrated in the root
system [29,30], suggesting that it may be commonly present in different plant tissues.
Together, these studies also provide novel insights into the coordination between ROP
signaling and PIN distribution for auxin-mediated cell polarity establishment.

Interestingly, the phosphorylation status is also a common mechanism for the regulation of
PIN polarity in different tissues [31-34,35°,36°°]. The phosphorylation status of PIN proteins
is proposed to regulate the polar trafficking of PIN proteins [31,32,37,38]. Reversible protein
phosphorylation, catalyzed by the counterbalancing activities of kinases and phosphatases, is
a highly conserved regulatory mechanism for polar protein distribution from prokaryotes to
eukaryotes. It has been proposed that phosphorylation status of PIN proteins might affect its
interaction with distinct trafficking pathways, resulting in different PIN localization pattern
[33]. So far, three AGC3 kinases [PINOID (PID), WAVY ROOT GROWTH1 (WAG1) and
WAGZ2] and two phosphatases [phosphatase 2A (PP2A) and type-one protein phosphatase 4
(TOPP4)] have been identified in Arabidopsis for modulating PIN polarity through direct
phosphorylation/dephosphorylation of PIN proteins [31,34,35°,37,39]. Recently, Zourelidou
and colleagues characterized another subfamily of AGC3 kinases, namely D6 PROTEIN
KINASES (D6PKs), which is also able to directly phosphorylate PINs [36°,40°°]. More
interestingly, D6PK proteins do not significantly affect PIN polarity but they can directly
activate PINs [36°,40°*]. They further found that this PIN activation step is required for PIN-
mediated auxin efflux and can be carried out by other kinases including PID/WAG kinases
[36°°,40°]. These findings indicate that the phosphorylation status of PIN controls not only
its polarity but also activity and confirm a previously unrecognized PIN activation step for
polar auxin transport. Moreover, Zourelidou and colleagues also discovered that auxin plays
arole in regulating PIN phosphorylation, which has not been reported before [36°°,40"].

The maintenance of PIN localization is also regulated by other factors. For example, Feraru
et al. reported that cellulose-based connection between the polar domains at the PM and cell
wall is required for the maintenance of PIN polarity [41]. Another recent study showed that
attachment of endosomes to microtubules can prevent endocytosed PIN proteins from
degradation, thus facilitating endocytic recycling of PINs into the PM [42°°]. It seems that
there is no direct evidence for linking these PIN-regulatory mechanisms to auxin signaling,
but there is some indirect evidence, for example, auxin regulates microtubule organization
[10,43™].

Auxin-dependent regulation of leaf pavement cell morphogenesis

Arabidopsis (Arabidopsis thaliana) leaf epidermis consists primarily of a single cell layer of
so-called PCs, which display a fascinating zigzag pattern. Intercalary growth contributes to

the formation of interdigitated lobes and indentations of PCs [28]. This precise coordination
of complementary lobes and indentations among neighboring cells requires intricate polarity
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formation (Figure 1). To determine the mechanisms controlling the PC formation, the
attention was drawn to auxin, as it was suggested as a positional signal in plant pattern
formation [44,45]. The exogenous supply of the synthetic auxin naphthaleneacetic acid
(NAA), as well as the use of quadruple yucca mutants with defects in auxin biosynthesis,
was successfully used to establish a link between auxin and PC interdigitation [10,34]. The
subsequent work suggested that auxin signaling coordinates two mutually exclusive ROP
signaling pathways (the ROP2- and ROP6-GTPase pathways), which in turn define lobe-
forming and indentation-forming sites to initiate the interdigitation pattern [46°°] (Figure 1).
The central role of the ROP family in cell polarity is established by virtue of their ability to
establish a polar site and to coordinate membrane traffic and cytoskeletal reorganization
during polarized cell growth (Figures 1-3). As illustrated in Figure 1, ROP2 preferentially
localizes to the lobe regions and induces the accumulation of cortical F-actin through its
effector ROP-interacting CRIB-containing protein 4 (RIC4), leading to the lobe outgrowth.
On the opposite side, ROP6, through its effector RIC1, promotes the local ordering of
cortical microtubules that restrict cell expansion, resulting in indentation.

These findings hint the existence of polarly localized auxin efflux carriers, which would
cause the local accumulation of extracellular auxin, thus triggering the activation of ROP
signaling pathways. This speculation led to the discovery of auxin efflux carrier PIN at the
upstream of ROP singling pathways. It was found that PIN1 proteins are asymmetrically
distributed at the PM with a preferred localization to lobes instead of indentations [10,46"].
The importance of PIN1 in PC interdigitation was further revealed by phenotypic analysis of
Arabidopsis pin overexpression and mutant lines. The pinZ mutants display severe PC
defects as being devoid of lobes, while PIN1 overexpression leads to the enhanced lobe
formation [10]. It appears that PIN1 polarization to the lobe region of PCs is required for PC
interdigitation. Apart from the feedback mechanism described above [10,46°°], the
phosphorylation status-mediated PIN polarization also applies to the formation of multipolar
leaf PCs [34,35°]. Loss of PP2A function as well as PID overexpression caused greatly
reduced PC interdigitation and shift of PIN1 localization from lobe to indentation regions.
Guo et al. (2015) reported that TOPP4 has the capacity to counteract the PID activity via
direct dephosphorylation of PIN proteins and is crucial for PC interdigitation [35°].
Overexpression of TOPP4 promoted PC interdigitation while the fopp4—1 mutant displayed
severe PC defects. Consistently, the lobe-to-indentation shift of PIN polarity was observed in
the fopp4—1 mutant. It is hypothesized that dephosphorylated PIN proteins may be
preferentially recruited into the lobe-targeting pathway, whereas phosphorylated PIN
proteins may be sorted into the endocytic pathway. In line with this hypothesis, Guo et al.
(2015) showed that TOPP4 is essential for endocytic trafficking of PIN1 in PCs [35°]. The
ROP-based vesicular trafficking and phosphorylation-dependent trafficking for PIN
distribution is also supported in root cells (Figure 2).

Mechanical stress also contributes to PC interdigitation [47°]. It was reported that cell-shape
derived mechanical forces can alter microtubule assembly, which in turn guides oriented
deposition of cell-wall components, thereby reinforcing the tensile stress in the indenting
regions. This stress-microtubule feedback loop plays an importance role for the maintenance
of the indentation in PCs. Considering that the auxin-triggered ROP6-RIC1 pathway
regulates microtubule rearrangement in the indenting regions is also modulated by
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mechanical stress [10,47°°,48°,49], the mechanical signal might be linked to the auxin signal
for PC formation. Consistent with this, there is evidence that auxin and mechanical signals
interplay in the regulation of PIN polarization during leaf primordia formation [50]. Hence,
it would be interesting to investigate whether similar interplays occur in PCs.

Auxin stimulates polar tip growth in root hairs and pollen tubes

An extreme form of polarized cell growth in plants and fungi is tip growth, whereby the
growth takes place exclusively in the apical region of the cell. Root hairs and pollen tubes
are two well-characterized plant cell types, which display polarized tip growth. Tip growth
needs rapid cytoskeletal reorganization and accelerated membrane trafficking to accompany
morphological changes and to supply materials required for efficient growth. The
mechanisms underlying the polarized growth of root hairs and pollen tubes are highly
similar [2,51-53], and it is intriguing that auxin promotes tip growth both in root hairs and
pollen tubes [54-57].

Root hair and pollen tube growth is regulated by ROP signaling (Figure 3). Tip-localized
active ROP not only determines the tip growth region [58,59], but also regulates the Ca?*
gradient, actin dynamic, exocytic trafficking and NADPH oxidase-mediated reactive oxygen
species (ROS) production during tip growth [60,61]. In both systems, ROP signaling is fine-
tuned by a plethora of upstream regulators and downstream effectors (Figure 3). ROPs
shuttle between the GDP-bound inactive form and the GTP-bound active form. In plants,
ROP activation is largely dependent on the plant-specific RopGEFs (guanine nucleotide
exchange factors for ROP GTPases) [62], which are cytoplasmic proteins and interact with
cell surface-located receptor-like kinases (RLKSs). Two pollen-specific RLKs, LePRK1 and
LePRK2, have been discovered in tomato (Solanum lycopersicum) and a homolog of
LePRKSs, AtPRK2 has been identified in Arabidopsis [63,64]. All these PRKSs physically
interact with RopGEFs [63,64] and their overexpression resulted in obvious morphological
phenotypes [65°]. A recent study on AtPRK2 suggests that AtPRK2 may directly
phosphorylate and activate RopGEF, which in turn regulates ROP-mediated tip growth [66].
Moreover, the study on LePRK1 revealed that the function of LePRK on tomato pollen tube
morphology is closely associated with its effects on actin dynamics [65°]. It appears that
KPP (a RopGEF) physically links LePRK1 to the actin binding protein PLIMZ2a at the PM
tip, which promotes membrane-anchored actin bundle formation at the tip, resulting in bleb
formation. Taken together, these results support that PRKs function as a bridge to transduce
extracellular signals into the ROP-mediated pollen tube growth through its various binding
partner, such as RopGEF and PLIM2a. In addition, several effectors have been identified,
including a family of CRIB-domain proteins (RICs) and a coil-coil domain protein (ICR1)
[67-71].

It was reported that mutations in the receptor-like kinase FERONIA (FER) led to the
reduced auxin-stimulated ROS production and root hair elongation [72]. Furthermore FER
directly interacts with RopGEFs [72]. These findings indicate that auxin may promote root
hair growth through ROP signaling [72]. As discussed above, in the Arabidopsis leaf
epidermis auxin activation of ROP signaling during PC formation also requires cell surface
receptor-like kinases TMKSs, which interact with the ABP1 auxin receptor (see below) [46™].
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Given the critical role for RopGEF-interacting RLKSs in the regulation of pollen tube and
root hair growth, it is attempting to speculate that auxin also regulates tip growth through an
RLK-based cell surface receptor.

The ups and downs of the cell surface auxin receptor ABP1

Although different cell types can have distinct mechanisms to coordinate their respective
polar growth, it appears that ROP signaling, which enables dynamic regulation of vesicular
trafficking (endocytosis and exocytosis) and cytoskeletal reorganization, is a conserved
mechanism for auxin-mediated polarity establishment and maintenance across cell types.
ROP signaling occurs on the PM and is activated by RLKs. Thus it would make sense that a
cell surface auxin receptor instead of the TIR1/AFB nuclear auxin receptors is used for
sensing the polarizing auxin signal. This is consistent with the fact that auxin activates ROPs
in seconds [10] and the importance of polar auxin export to the cell surface in the regulation
of ROP-dependent processes [10]. Furthermore, given the critical importance of PIN and
ABC transporter-mediated auxin export in polar auxin transport, it would also make sense
that a cell surface auxin sensor is used to monitor extracellular auxin levels for the regulation
of polar auxin transport. It has long been proposed that ABP1 acts as a putative cell surface
auxin receptor [73]. The first evidence pointing to the function of ABP1 as an auxin receptor
was provided by early biochemical studies, which showed that ABP1 has specific auxin-
binding properties and that blocking ABP1 function with extracellular applied anti-ABP1
antibodies suppresses auxin promotion of cell expansion [74-76]. Later, numerous genetic
studies further showed that ABP1 plays an important role in various auxin-regulated
processes [27,29,43, 77-79].

The complicated subcellular distribution of ABP1 contributed to the early debate about the
receptor functionality of ABP1, as the majority of ABP1 is localized in the ER and only a
minor portion (10-20%) is secreted to the apoplast [80,81]. The extracellular ABP1 was
assumed to be active, because ABP1’s binding to auxin requires a low pH environment as
found in the apoplast but does not occur at the neutral pH found in ER [80,81]. The
unanswered question why there is an abundant ABP1 in ER has been troublesome to the
ABP1 believers. The findings that two early lines containing T-DNA insertions into the
ABP1 gene were embryo-lethal impeded the genetic studies on this question [78,82,83]. The
discovery of the TIR1/AFB auxin receptors and their broad and critical roles in the
regulation of auxin responses [14,84] also helped to cool down the enthusiasm about ABP1.
Finally, lack of ABP1-dependent intracellular auxin signaling mechanisms and of an
assumed docking protein linking the apoplastic ABP1 to the intracellular signaling events
further contributed to the shelfing of ABP1 for nearly two decades.

ABP1 has resurfaced in recent years, owing to the search for an extracellular auxin receptor
that activates ROP signaling in PCs and PIN distribution to the PM, as well as the use of a
non-embryo-lethal abpZ-5tilling allele and inducible expression of an ABP1 antibody and
antisense construct [10,74,76,85,86]. A series of recent studies using these materials have
implicated ABP1 in the regulation of auxin-dependent PC morphogenesis, ROP signaling,
PIN trafficking, cell division, gene expression, and microtubule reorientation [10,17,27,29,
46°,79,87]. Importantly, Xu and colleagues [46°*] showed that ABP1 is anchored to the PM
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by the interaction with the extracellular domain of PM-localized TMKZ1, one of the four
member clade of RLKSs required for ROP2 and ROP6 activation and PC morphogenesis and
many other auxin responses [46°*,88°]. This interaction occurs in an auxin-dependent
manner, shown by co-immunoprecipitation in Arabidopsis and tobacco leaves where both
Arabidopsis TMK1 and ABP1 are transiently expressed [46°*]. Notably, there was no
interaction between TMK1 and abp1-5 mutant protein, which has a point mutation in the
auxin-binding pocket, indicating that auxin binding, per se, is required for this interaction.
The discovery of this long-sought docking protein provides the strongest support for the role
of ABP1 as a cell surface auxin receptor [12,46"*,89,90]. Taken together all these 40 years’
findings provide overwhelming evidence for the involvement of ABP1 in the perception of
extracellular auxin. However, a new curse on ABP1 came from two latest reports on the
genetic studies of ABP1. Gao et al. (2015) shows that agp null mutants lack obvious
growth and developmental phenotypes, which seems to contradict these previously described
roles of ABP1 [91°]. Various explanations for the contradiction were provided in recent
reviews [48°,92]. Another study shows that the reported afpZ-5 line contains many
background mutations, and at least the reported role of ABP1 in the regulation of
phytochrome response in Arabidopsis hypocotyls was actually due to one of these
background mutations [93]. Various cellular and biochemical phenotypes reported using the
previous agpI genetic tools need to be thoroughly characterized in the new null abpz
mutants and a cleanup version of the abpZ-5mutant. Given lack of severe phenotypes in the
new abpI null mutants [91°], the existence of potential additional cell surface auxin
receptors that may compensate for the loss of ABP1 needs to be considered. Indeed, some
members of the cupin family, to which ABP1 belongs, have been shown to have auxin-
binding properties [94,95]. It remains to be found out whether these cupin members are able
to compensate for the loss of ABP1.

Concluding remarks

Research in recent years has greatly expanded our understanding of the roles of the small
molecule auxin in plants. Evidence supports a role for auxin as a common polarizing signal
through the conserved ROP GTPase signaling that regulate cytoskeletal organization and
vesicular trafficking. However, these findings raise many new questions, for example, how
highly diffusible auxin can be translated into the polarity cues for cell polarization and how
PIN proteins interplay with auxin signaling to regulate cell polarity. In addition, the
interactions between auxin signaling with other hormones or other cues not discussed in this
review create a complicated network of cellular events that instruct cell polarization.
Moreover, it remains a challenge for the future to determine how auxin acts as a fairly
universal signal to activate or modulate cell polarization and polar cell growth in different
cell types. Finally the continuing debate on ABP1’s roles will fuel much more intense
research on this protein and others proteins that are predicted to act as cell surface auxin
receptors. These future studies will build a more comprehensive picture of the role of auxin
action in orchestrating the cell polarity and tissue morphogenesis in plant development.
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Figurel.
Role of auxin signals in leaf pavement cell (PC) interdigitation. (a) A schematic diagram

showing the promoting effect of auxin on two antagonistic ROP pathways and PIN1-
mediated positive feedback loop in PC interdigitation. (b) A working model of auxin-
mediated PC interdigitation. A proposed cell surface ABP1-TMK auxin-sensing complex
activates two antagonistic ROP pathways (the ROP2- and ROP6-GTPase pathways) for leaf
PC interdigitation. The ROP2-RIC4 interaction promotes lobe outgrowth via actin assembly
while the ROP6-RIC1 interaction restricts lobe outgrowth via microtubule organization. PM,
plasma membrane; MT, microtubule.
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Figure2.

Auxin inhibition of PIN endocytosis in root (a) and leaf (b) pavement cells (PCs). Auxin
binds to its likely receptor ABP1 and inhibits PIN endocytosis through the ROP6/RIC1
pathway in root cells while the ROP2/RIC4 pathway in leaf PCs. PIN proteins are
internalized via clathrin-mediated endocytosis and then can follow either the GNOM-
dependent recycling route to the PM or the degradation route to the vacuole. Control of PIN
polarity also depends on the phosphorylation status of PIN proteins. In root cells, the PIN
phosphorylation status is mediated by PINOID kinase and PP2A phosphatase. Hyper-
phosphorylated PIN proteins are directed to the apical domain, whereas hypo-
phosphorylated PINs are targeted to the basal domain. In leaf PCs, PINOID and FYPP1
regulate the lobe-indentation switch of PIN proteins. Hyper-phosphorylated PINs
accumulates at the indentation-forming regions, while hypo-phosphorylated PINs are
preferentially sorted to the lobe-forming regions. EE, early endosome; LE, late endosome;

RE, recycling endosome.
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Figure 3.
A possible model of auxin-ROP signaling in pollen tube and root hair growth. Auxin may be

the polarizing signal that initiates the ROP-dependent tip growth. ROP signaling can be
modulated by various upstream regulators and downstream effectors. Tip-localized activated
ROP regulates the Ca2* gradient, actin dynamic as well as exocytic trafficking during tip
growth. RLK, receptor-like kinases; GAP, GTPase activating proteins; GEF, guanine
nucleotide exchange factor; RIC, Rop-interacting CRIB-containing proteins; ICR, interactor
of constitutively active ROPs; ROS, reactive oxygen species
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