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ABSTRACT Polar auxin transport, which is required for the formation of auxin gradients and directional auxin flows that

are critical for plant pattern formation, morphogenesis, and directional growth response to vectorial cues, is mediated by

polarized sub-cellular distribution of PIN-FORMED Proteins (PINs, auxin efflux carriers), AUX1/AUX1-like proteins (auxin

influx facilitators), and multidrug resistance P-glycoproteins (MDR/PGP). Polar localization of these proteins is controlled

by both developmental and environmental cues. Recent studies have revealed cellular (endocytosis, transcytosis, and

endosomal sorting and recycling) and molecular (PINOID kinase, protein phosphatase 2A) mechanisms underlying the

polar distribution of these auxin transport proteins. Both TIR1-mediated auxin signaling and TIR1-independent auxin-

mediated endocytosis have been shown to regulate polar PIN localization and auxin flow, implicating auxin as a self-

organizing signal in directing polar transport and directional flows.
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Cell polarity is a fundamental cell property important for cell

function in all the cellular organisms. Development of cell po-

larity is critical for all aspects of the plant life, such as the de-

velopment of the single cell embryo (zygote), differentiation

and morphogenesis of various cell types, short and long-range

transport of signaling molecules such as auxin (Benkova et al.,

2003; Campanoni et al., 2003; Mattsson et al., 2003; Reinhardt

et al., 2003; DeMason and Chawla, 2004; Kim et al., 2005; Lin

and Wang, 2005; Santelia et al., 2005), and responses to vec-

torial environmental cues (e.g. light and gravity) (Blakeslee

et al., 2005; Tanaka et al., 2006; Zazimalova et al., 2007) or

microorganisms (Lipka et al., 2007; Kwon et al., 2008). Conse-

quently, cell polarity formation is an important cellular basis of

plant growth and development. Understanding the mecha-

nism underlying cell polarity formation will provide important

insights into molecular linkages between cellular functions

and plant development. Little is known about signals that ac-

tivate polarity development and their linkages to develop-

mental programs in plants. However, emerging evidence

appears to support an important role of auxin as a cellular

polarizing signal that regulates its own polar transport in

response to developmental programs.

Auxin is a multi-functional phytohormone that controls

a plethora of processes, concerning almost every aspect of

a plant life, such as cytoskeletal organization, intracellular

membrane trafficking (Paciorek et al., 2005), cell polarity

and morphogenesis, cell division (Petrasek et al., 2002; Friml

et al., 2003; Dhonukshe et al., 2005), cell expansion, cell differ-

entiation (Fukuda, 2004), organ formation and growth (lateral

organ and root hair production) (Weijers et al., 2006; Rahman

et al., 2007), organization of plant architecture (phyllotaxis)

(Newell et al., 2007), and responses to the environment

(Weijers and Jurgens, 2005; Weijers et al., 2005; Jonsson

et al., 2006; Weijers et al., 2006; Rahman et al., 2007). Auxin

regulates these processes by activating either of the two dis-

tinct signaling pathways. One involves the TIR1 F-box family

auxin receptor-mediated degradation of the IAA/AUX tran-

scriptional repressors, releasing the expression of a plethora

of auxin-induced genes (Dharmasiri et al., 2005; Laskowski,

2006; Quint and Gray, 2006). The other involves rapid activa-

tion of cytoplasmic events by the AUXIN-BINDING PROTEIN1

(ABP1) and/or unknown auxin signaling receptors, such as reg-

ulation of the plasma membrane (PM) localization of auxin

transporters, PM ATPase-dependent proton pumping out of

the cell, cytoskeleton reorganization, which can be indepen-

dent of nuclear gene expression (Cross, 1991; Leblanc et al.,
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1999; Yamagami et al., 2004; Christian et al., 2006). The diverse

functions of auxin are also often tightly linked to its polar

transport—a property unique to auxin among various phyto-

hormones (Paciorek et al., 2005). Plant developmental events

influence polar auxin transport, which is achieved by auxin ef-

flux and influx carriers. Polar transport of auxin is reported to

occur as early as in the two-celled pro-embryo, between two

asymmetric cells (Friml et al., 2003). Post-embryonic develop-

ment is controlled by auxin synthesized in rapidly dividing cells

in young developing leaves and roots (Aloni et al., 2003), and

developmental programs influence localization of auxin trans-

porters to generate auxin gradients or directional flows.

It is well established that polar localization of auxin carriers

underpins directional or polar auxin transport. Several families

of auxin carriers have been identified, including auxin efflux

carriers such as PINs (PIN-FORMED) and PGP/MDR-like proteins

and auxin influx carriers such as AUX1 (Geisler and Murphy,

2006; Kramer and Bennett, 2006; Teale et al., 2006). Several

PIN proteins exemplify the importance of polar localization

of these proteins in long-distance and regional auxin trans-

port. For example, PIN1 is localized in the basal PM of stele cells

and xylem cells in the vascular system, which is required for

long-distance auxin flow from the shoot apex to the root

tip (Galweiler et al., 1998; Friml et al., 2002). PIN2 is expressed

in root tissues and is selectively localized onto the apical side of

lateral root cap cells and epidermal cells, which fits for its role

in acropetal auxin flux locally (Luschnig et al., 1998; Muller

et al., 1998). Consistently, sub-cellular distribution of PIN2 is

modulated and redefined by light and gravity to modulate di-

rectional growth in response to these vectorial cues (Abas

et al., 2006; Laxmi et al., 2008). Interestingly, PIN7 is localized

apically in two to eight-cell embryos but is shifted to the basal

side in 16/32-cell embryos, indicating a developmental regula-

tion of cell polarity switching (Friml et al., 2003). These obser-

vations clearly show that the polarity of auxin transporters is

tightly controlled by both developmental and environmental

cues. In recent years, there has been a great amount of interest

in understanding the molecular and cellular basis determining

the polarity of auxin transporters.

Evidence suggests that PIN polarity is regulated by cellular

signaling events occurring at the polar PM site where PIN pro-

teins are localized. Crucial signaling molecules such as a serine/

threonine protein kinase PID (PINOID kinase) (Christensen

et al., 2000; Benjamins et al., 2001; Friml et al., 2004; Lee

and Cho, 2006; Zegzouti et al., 2006; Blakeslee et al., 2007;

Michniewicz et al., 2007; Morita and Kyozuka, 2007) and a pro-

tein phosphatase, PP2A (Scherer, 2002; Michniewicz et al.,

2007) are localized to the polar PM site. Signaling targets

can be PIN proteins themselves and/or molecules involved in

intracellular trafficking of these proteins in the processes such

as endocytosis (PM-to-endosome), endosomal sorting/recy-

cling, and transcytosis, which are all implicated in modulating

polar localization of auxin transporters (Geldner et al., 2003;

Teh and Moore, 2007; Kleine-Vehn et al., 2008). An intriguing

question is, what are the developmental signals and how they

are linked to signaling components and vesicular trafficking

machinery to achieve the establishment of sub-cellular polarity

of auxin transporters. Emerging evidence suggests that auxin

itself could be a signal affecting PIN localization. This review

will focus on the recent advances in the understanding of sig-

naling mechanisms and their cellular targets underlying the

polar distribution of auxin transporters.

VESICULAR TRAFFICKING PATHWAYS IN
THE POLARIZATION OF PIN PROTEINS

As in the development of cell polarity in other systems, the po-

larization of auxin transporters is also intimately linked to ve-

sicular trafficking, which has been demonstrated by a large

body of genetic, chemical genetic, molecular, and cell biolog-

ical studies (Steinmann et al., 1999; Geldner et al., 2003; Abas

et al., 2006; Jaillais et al., 2006; Kleine-Vehn et al., 2006;

Wisniewska et al., 2006; Jaillais et al., 2007; Teh and Moore,

2007; Kleine-Vehn et al., 2008; Robert et al., 2008). To date,

endocytosis, endosomal sorting and recycling, and transcytosis

have all been linked to the regulation of polar localization of

auxin transporters.

GNOM Links Endosomal Sorting/Recycling to Polar PIN

Localization

The first hint towards the involvement of vesicular trafficking

in PIN polar localization was from gnom mutants, which

mimics the effect of pin1 on early embryogenesis in Arabido-

posis (Liu et al., 1993; Steinmann et al., 1999). In gnom

mutants, PIN1 proteins display polarity defects responsible

for the phenotypes of gnom mutants (Steinmann et al.,

1999). GNOM protein is localized both in the PM and endo-

somes (Steinmann et al., 1999; Geldner et al., 2003) where

PIN1 localizes. GNOM specifically mediates polar PIN1 localiza-

tion to the PM (Bonifacino and Jackson, 2003). GNOM encodes

a BFA (brefeldin A)-sensitive guanine nucleotide exchange fac-

tor (GEF) for ARF GTPases that regulate vesicle formation

(Steinmann et al., 1999; Geldner et al., 2003; Robert et al.,

2008). Using gnom knockout mutants, a transgenic line

expressing a BFA-insensitive mutant GNOMM696L, Geldner

and colleagues concluded that GNOM is the entry point for in-

tracellular sorting and recycling of PIN1 to the PM (Geldner

et al., 2003) (Figure 1).

Arabidopsis thaliana contains 12 ARF GEFs. GNL1, a GNOM-

like ARF GEF, has a conserved function in ER-to-Golgi trafficking

and a selective function in the endocytosis of PIN2. Interestingly,

GNL1 is not involved in endosomal sorting/recycling, and there

is no evidence that GNOM and GNL1 function in the trafficking

of other PINs (Geldner et al., 2003; Teh and Moore, 2007). Thus,

there must be other ARF GEFs or mechanisms involved in the

intracellular sorting/recycling of PINs.

SNX1 and VPS29: Sorting Auxin Transporters?

The existence of signal-dependent distinct mechanisms control-

ling endosomal sorting/recycling of different auxin transporters
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is further supported by recent functional studies of the retromer

by the Gaude group. The retromer is a heteropentameric com-

plexconsistingofasortingnexindimer (throughundefinedcom-

bination of SNX1, SNX2, SNX5, or SNX6) and a trimer composed

of VPS26, VPS29, and VPS35 in mammalian cells (Arighi et al.,

2004; Shi et al., 2006; Hierro et al., 2007; Rojas et al., 2007;

Bonifacino and Hurley, 2008). The SNX dimers fulfill the recruit-

ment of the pentameric retromer to endosomes, while the

VPS22–VPS29–VPS35 triple sub-complex is proposed to bind

cargos, which shuttle between endosomes and the trans-Golgi

network (TGN). An Arabidopsis thaliana SORTING NEXIN 1

(AtSNX1) was also found in a novel endosomal compartment dif-

ferent from the GNOM-containing ‘BFA compartment’ (Jaillais

et al., 2006). AtSNX1co-localizes withendosomal markersRABF1

and RABF2b in endosomes but not in Golgi, the trans-Golgi net-

work (TGN), and GNOM-containing endosomes (Jaillais et al.,

2006). Wortmannin, a PI3K (phosphatidylinositol-3 kinase)

inhibitor affecting SNX localization in mammalian cells, also

induced the formation of an enlarged AtSNX1-containing

compartment. Wortmannin together with cycloheximide

(protein synthesis inhibitor) caused PIN2 to accumulate in

Wortmannin-induced compartments. Based on these obser-

vations, it was concluded that polar PIN2 distribution is me-

diated by a novel AtSNX1-mediated endosomal pathway

that is distinct from the GNOM-dependent PIN1-trafficking

pathway, and it was proposed that two distinct populations

of endosomes are involved in PIN1 and PIN2 trafficking,

respectively (Figure 1). Gravity stimulation of PIN2 internal-

ization is proposed to act through the AtSNX1-marked

endosomes (Jaillais et al., 2006). Interestingly, the polariza-

tion of AUX1, which also shifts polarity in response to grav-

ity stimulation, is AtSNX1-independent (Jaillais et al., 2006).

Another study from the Gaude group suggests that the ret-

romer could also regulate the re-polarization of PIN1 during

specific developmental programming (Jaillais et al., 2007).

Phenotypes of vps29 knockout mutants are similar to those

Figure 1. Sub-Cellular and Signaling Mechanisms Underlying Polar PIN Localization.

A model of regulators and pathways contributing to polar PIN localization in roots is proposed based on results discussed in this review.
Endosome-mediated trafficking of PINs operates in regulating PIN polarity. At least two distinct pathways involving early endosomes are
involved, which influence PIN1 and PIN2 trafficking through ES1-independent and ES1-dependent early endosomes, respectively. The SNX1/
VPS29 retromer complex and the GNOM pathway appear to reside in late endosomes that may regulate PIN sorting, degradation in
vacuoles, and recycling to the PM. Switching or re-polarization of PINs seems to involve distinct trafficking pathways as well. The
GNOM-dependent pathway is involved in transcytosis-mediated polarity switching between the apical and basal sides, whereas the
GNOM-independent and VSP29-dependent pathway may regulate PIN re-polarization to the lateral side. The precise relationship among
early endosomes, TGN, late endosomes, recycling endosomes, and lytic endosomes remains unclear and is most likely quite complex. Spec-
ulative pathways are indicated by dotted lines. Signaling mechanisms regulating PIN trafficking are emerging. PID kinase directly phos-
phorylates PIN1 to direct the apical localization of PIN1. PP2A phosphatases have an opposite role by directing basipetal localization of PINs
via the GNOM-mediated pathway. Calcium signaling and a signaling pathway involving PDK1 kinase are suggested to act upstream of those
pathways. Sterols may also play some roles in generating polarity signal or regulate the formation of membrane microdomains necessary
for the polar PIN localization. ROP signaling-mediated cell polarity may also contribute to PIN polarity signaling in an unknown manner.
Auxin itself is shown to inhibit both ES1-insensitive PIN1 endocytosis and ES1-sensitive PIN2 endocytosis. There is also some evidence that
auxin regulates PIN localization via the TIR1-dependent signaling pathway as well as having a more indirect effect by modulating PIN
protein expression.
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of pin and snx1mutants with abnormal shape and number and

positioning of cotyledons and reduced primary root lengths. In

addition, VPS29-mediated embryonic and postembryonic

developments resemble the action of PINs. VPS29 is localized

to SNX1-containing endosomes and functions in the regula-

tion of the size of SNX1-containing endosomes, suggesting

that VPS29 and SNX1 form a functional complex (Jaillais et al.,

2007). In vps29, PIN1 localization in the stele is normal except

for additional accumulation in abnormal intracellular com-

partments. In lateral root initial cells, however, PIN1 was found

to assemble into enlarged SNX1-labeled endosomes but not in

GNOM-marked endosomes. Interestingly, PIN2 was also af-

fected in vps29, localizing to the enlarged compartment in

root cells (Jaillais et al., 2007). These results support the notion

that retromer-dependent trafficking specifically regulates re-

polarization of PINs in response to environmental and devel-

opmental signals (Figure 1).

Although PIN2 localization was similarly affected in snx1

and vps29 mutants, PIN1 re-polarization was only affected

in vps29 but not in the snx1 mutant (Jaillais et al., 2006,

2007). AUX1 trafficking is not affected in either snx1 or

vps29 mutant (Jaillais et al., 2006, 2007). The mechanism by

which SNX1 and VPS29 differentially affect endosomal traf-

ficking of these auxin transporters is not clear. However, these

observations suggest that components of the retromer are

able to integrate developmental and environmental signals

by mediating the trafficking of auxin transporters.

An important future question is how the identical retromer

differentially regulates the localization of PINs and other auxin

transporters and how it is linked to environmental and develop-

mental signals that influence their polar localization. The retro-

mer complex is known to participate in the retrograde transport

of cargo proteins from endosomes to the TGN. Based on this

function, defects in the retromer are expected to cause mis-

targeting of retrograde cargos to lytic lysomomes (late endo-

somes) or vacuoles for degradation. In Arabidopis thaliana,

VPS26–VPS29–VPS35 trimer has been shown to affect the

distribution of cargos to the lytic compartment (Oliviusson

et al., 2006). If the retromer in Arabidopsis follows this con-

ventional function, this would mean that certain PINs under

specific developmental or environmental situations are

transported through the retrograde pathway to TGN/sorting

endosomes, from which they could be targeted to the PM

(Figure 1). This transport mechanism would be distinct from

the BFA-sensitive endosomal recycling pathway that has

been shown for PIN1 polar distribution in the root stele. Fur-

ther studies will be necessary to test this retromer-mediated

PIN trafficking mechanism.

The Power of Chemical Genetics in Revealing Trafficking

Pathways to the Polarization of Auxin Transporters

Chemical inhibitors (also known as small molecules) such as

NPA (1-N-naphthylphatalymic acid), Wortmannin, and BFA

have been instrumental in investigating vesicular trafficking

in the regulation of auxin transporter polarization. NPA,

a well known inhibitor of polar auxin transport, was shown

to affect PIN localization through its effect on vesicular traf-

ficking (Geldner et al., 2001). BFA inhibits PIN polarization to

the PM by inducing PIN-containing endosome-related com-

partments called BFA bodies (Geldner et al., 2001). GNOM

was shown to be a BFA target, and the combined use of

BFA and gnom mutations provided many important insights

into the mechanisms for PIN polarization (Steinmann et al.,

1999; Geldner et al., 2001; Paciorek et al., 2005; Dhonukshe

et al., 2007; Kleine-Vehn et al., 2008). Wortmannin, an inhib-

itor of phosphatidylinositol-3-OH kinase, was useful for the

investigation of AtSNX1-mediated GNOM-independent

PIN2 trafficking (Jaillais et al., 2006, 2007). Therefore, the dis-

covery of new small molecules through the emerging chem-

ical genetics approach will help to uncover new mechanisms/

pathways underlying the polarization of auxin transporters.

Indeed, a recent chemical genetic study from the Raikhel

group has proven that chemical genetics will be a fertile field.

By screening for small molecules affecting the polar localiza-

tion of a ROP GTPase-interacting protein RIP1, a chemical se-

lectively affecting the endosomal sorting/recycling of a subset

of proteins was identified and thus was named endosidin 1

(ES1) (Robert et al., 2008). ES1 induced depolarization of pol-

len tube growth and mis-localization of RIP1. In root cells, ES1

induced the formation of ‘ES1 bodies’ accumulating PIN2,

BRI1, and AUX1, but did not affect the localization of other

PM-localized proteins including PIN1 and PIN7. ES1 bodies also

contain SYP61 and VHA-a1, which are known to localize to

TGN/early endosomes. However, ES1 does not affect internal-

ization of FM4-64 dye (an endocytosis marker). Interestingly,

the accumulation of PIN2 in ES bodies but not the formation

of these structures was blocked by auxin, which is known to

inhibit endocytosis of PINs. Based on these observations, it

was concluded that ES1 affects the trafficking of early endo-

somes and the sorting of PIN2/BRI1/AUX1 through these endo-

somes and that ES1 distinguishes this endosomal trafficking

pathway from other pathway(s) for PIN1 and PIN7 trafficking

(Robert et al., 2008) (Figure 1).

Another distinct feature of ES1 effects was that it did not

alter SNX1-containing compartments where PIN2 was found

to reside and which are important for PIN2 trafficking. As dis-

cussed above, AUX1 localization was shown to be independent

of the retromer (Jaillais et al., 2006, 2007). One explanation for

these overlapping but distinct actions of ES1 and SNX1 is that

ES1 affects early endosomal trafficking of PIN2/BRI1/AUX1,

whereas the retromer-mediated retrograde pathway is in-

volved in the late endosome sorting, which determines

whether endosomal cargos are recycled to the PM or targeted

for degradation in vacuoles. If this is the case, existence of an

intermediate sorting pathway that distinguishes PIN2 from

AUX1 is expected. The pathway might be able to bypass the

PIN2/SNX1 pathway. Although such pathways have yet to be

confirmed by molecular and genetic studies, ES1 clearly reveals

the complexity of intracellular trafficking of auxin transporters

and its role in regulating their polar localization.
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Shifting PIN Polarity by Transcytosis

Adding to the complexity of vesicular trafficking in regulating

the polarization of auxin transporters is the participation of

transcytosis in this process, as recently shown by the Friml group

(Kleine-Vehn et al., 2008). Transcytosis refers to the transloca-

tion of cargos between separately polarized plasma membrane

domains bypassing lysosomes. As mentioned above, GNOM is

responsible for basal PIN1 localization in given cells by endocy-

tosis and recycling pathways. A recent paper from the Friml

group shows that GNOM can work on translocation of PIN1

by means of an atypical transcytosis (Kleine-Vehn et al.,

2008). PINs have distinct polar PM localization on the apical,

basal or lateral side of cells, based on their difference in sequen-

ces and expressed cells (Kaplinsky and Barton, 2004). In view of

thetrafficking pathway,Vehnetal. showedthatBFA can leadto

relocation of PIN1 from the basal side to the apical side of PM

reversed to their normal localization in given cells if kept with

sufficient time or higher concentration of BFA treatment. Inter-

estingly, this kind of transcytosis is only effective to intrinsically

basalcargoesandGNOM-dependent.Furthermore, theauthors

also showed that GNOM-dependent transcytosis is essential for

early cell polarization. In the developmental process of provas-

cular cells, PIN1 can successfully shift from the apical side to the

basal side in a wild-type line. In contrast, the gnom mutant line

loses the ability to transport apically localized PIN1 to the basal

side and shows abnormalities in embryo patterning. The BFA-

treated wild-type line also fails to localize PIN1 at the basal side

of provascular cells. Thus, transcytosis of PIN1 is dependent on

the BFA-sensitive GNOM (Figure 1) and is very essential for early

events of establishing cell polarity.

In roots,PIN1 inthe stele andPIN2 in thecortexare localized in

the basal side of cells, whereas PIN2 is localized to the apical side

of epidermal cells. Internal insertion of GFP into PIN1 (PIN1–GFP-

3) leads to apicalization of the protein (Kleine-Vehn et al., 2008).

It was shown that the BFA-sensitive GNOM ARF GEF is required

for the basal but not apical localization of PINs. Loss-of-function

gnom mutations or BFA treatment caused the basal PINs to be

recruitedtotheapical side.TheBFA-inducedpolarity shiftofPINs

was reversible in a protein synthesis-independent manner. FRAP

experiments and tagging of PINs with a photoconvertible GFP

show that this recruitment can directly translocate PINs between

the apical and basal sides. Mutations in GNOM cause basal PIN1

to be apicalized during early embryogenesis. Based on these

results, it was concluded that transcytosis through endosome-

mediated trafficking plays a critical role inmodulating PINpolar-

ity (Kleine-Vehn et al., 2008) (Figure 1). An important future

direction is to understand molecular pathways that are respon-

sible for the recruitmentofPIN cargos (carriedbythe transcytotic

endosomes) to the polarized PM domains, which are most likely

regulated by specific developmental signals.

The Cytoskeleton: A Role in the Trafficking of Auxin

Transporters?

Endomembrane trafficking processes, such as endocytosis,

exocytosis, and vesicle transport, are intimately linked to

the dynamics of microfilaments and microtubules. Evidence

suggests that polar distribution of auxin transporters such

as AUX1 and PINs is influenced by cytoskeletal dynamics, prob-

ably through its regulation of endomembrane trafficking

(Geldner et al., 2001; Kleine-Vehn et al., 2006). Application

of actin disrupting drugs (Cytochalasin D or latrunculin B) re-

duced the recruitment of PIN1 onto the PM and changed the

patterns of PIN1-labelled components (Geldner et al., 2001;

Paciorek et al., 2005). Recently, it was found that several auxin

transport inhibitors (ATIs) such as TIBA act to change auxin dis-

tribution by interfering with actin structures (Rahman et al.,

2007; Dhonukshe et al., 2008). It is well known that plant-

specific GTPase ROP regulates cytoskeleton dynamics and cell

polarity (Fu et al., 2005). As discussed below, ROP2 seems to

regulate root gravitropism by altering polar auxin distribution.

ROP signaling may play an important role in coordinating the

cytoskeletal dynamics with vesicular trafficking to regulate the

polarization of auxin transporters.

Sterol Regulation of Trafficking of Auxin Transporters

Sterols are very important components of the PM and endo-

membrane systems such as the trans-Golgi network. In par-

ticular, sterols play an important role in the formation of

membrane microdomains such as lipid rafts in the PM, which

have a significant impact on cell polarity development. Sterols

are also dynamic in endocytic trafficking between the PM and

endosomal compartments, which is sensitive to BFA applica-

tion. When cells were treated with BFA, sterols were aggre-

gated in BFA compartments similar to PINs (Geldner et al.,

2001; Grebe et al., 2003). Interestingly, recycling of sterols is

also actin-dependent (Willemsen et al., 2003). Roles of sterols

in the regulation of PINs trafficking has been implicated by the

genetic study of the STEROL METHYLTRANSFERASE1 (SMT)

gene, which is important for the synthesis of major membrane

sterols like sitosterol and campesterol (Willemsen et al., 2003).

In Arabidopsis smtorc mutants, basally localized PIN1 is shifted

to lateral sides in stele cells, while laterally localized PIN3

becomes uniformly distributed in the peripheral membrane

in columella cells (Willemsen et al., 2003). AUX1 localization

is not affected by smtorc mutations. However, AUX1 localiza-

tion was altered by treatment with filipin, which change sterol

composition of the PM (Kleine-Vehn et al., 2006).

How do changes in sterol composition affect the PIN local-

ization? A recent study by Men and his colleagues provide

some insights into this question (Men et al., 2008). Mutation

in CPI1, which encodes the major cyclopropylsterol isomerase

and is responsible for appropriate biosynthesis of sterols, leads

to altered sterol composition and causes defects in PIN2 endo-

cytosis. In the cpi1-1 mutant, PIN2 proteins are re-localized

uniformly at peripheral sides of cells. FM4-64 internalization

was reduced in cpi1-1 mutants, suggesting that endocytosis

was compromised in the cpi1-1 mutant. Consequently, BFA

application did not induce accumulation of PIN2 in the BFA

bodies, in contrast to its induction of PIN2 agglomeration in

wild-type cells. These results suggest that CPI1-mediated sterol
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biosynthesis consequently regulates endocytic trafficking of

PIN2, which is critical for PIN2 polarization in the PM (Men

et al., 2008).

The differential effect on the polarization of auxin trans-

porters by different means of altering sterol composition

implies that sterols may have a signaling role in the regulation

of endocytosis or endomembrane trafficking, which subse-

quently influences PIN/AUX1 polarization. Sterols may directly

participate in polarity signaling or regulate the formation of

membrane microdomains, which subsequently mediates vesic-

ular trafficking. How membrane composition such as phos-

phoinositides could be involved in the regulation of PIN

polarity signaling will be discussed in the following section.

SIGNALING TO POLARIZE AUXIN
TRANSPORTERS

Given the importance of vesicular trafficking in the polariza-

tion of auxin transporters, the next question is what is the

mechanism underlying the spatial definition of vesicular traf-

ficking to generate a localized pattern of PINs/AUX1 distribu-

tion? Intuitively, a polarity signal must exist, which must be

linked to vesicular trafficking machinery. Polarity signaling

could either preferentially activate an exocytic/recycling path-

way, leading to preferential targeting of PIN/AUX1 proteins to

the polar site, or preferential removal of these proteins from

non-polar sites by an endocytic pathway. The signaling could

also impact the endosomal sorting machinery to allow selec-

tive trafficking of a particular PIN/AUX protein in a given cell.

The importance of signaling in determining the polarity of

auxin transporters is suggested by the finding that both devel-

opmental and environmental signals could direct the changes

in the polarity of PIN proteins. For example, PIN1 shifts from

cell boundaries to the basal membrane in the provascular cells

in early embryogenesis, while PIN2 polarity changes in re-

sponse to gravity stimulation (Friml et al., 2003; Abas et al.,

2006). A clear demonstration of signaling in the regulation

of the polarization of auxin transporters came from a study

showing that a protein kinase activity can determine the

polarity of PIN1 localization.

PID (PINOID): A Kinase Activity Regulating PIN Polarity

The pid mutant phenocopies pin1 mutants, displaying pin-like

inflorescence (Christensen et al., 2000), which implies PID’s role

in auxin transport or signaling (Vernoux et al., 2000; Benjamins

et al., 2001; Broer and Brookes, 2001; Furutani et al., 2004).

PID encodes a plant-specific serine/threonine protein kinase

(Christensen et al., 2000; Friml et al., 2004; Lee and Cho, 2006).

OverexpressionofPID(35S::PID)butnotofkinase-negativeMPID

(35S::MPID) altered hypocotyl and root gravitropism and led to

root meristem collapse as well (Friml et al., 2004).

Importantly, PID overexpression caused PIN1 localization to

shift from the basal to the apical end of root stele cells. In the

meantime, PIN1 is re-localized from the apical to the basal end

of inflorescence cells in pid knockout mutant (Friml et al.,

2004). The PID protein kinase directly phosphorylates PIN1,

and the status of PID-mediated PIN1 phosphorylation deter-

mines the preferential apical or basal PIN1 distribution (Figure

1). However, evidence suggests that simple phosphorylation

states of PIN proteins do not fully explain differential basal

and apical localization of PIN proteins. Recently, Michniewicz

et al. demonstrated that PINOID can phosphorylate PIN1

in vivo, and the central hydrophilic loop, which is conserved in

other PIN members, is the phosphorylated domain (Michniewicz

et al., 2007). Moreover, Wisniewska and colleagues found that

the polar PIN localization is controlled not only by cell-specific

signals, but also by PIN-specific sequences (Wisniewska et al.,

2006). Therefore, phosphorylation of the conserved hydro-

philic loop together with PIN isoform-specific signals may pro-

vide a specific cargo code. An important future direction is to

understand how polarity signaling specifies the code and links

it to trafficking or recruitment machineries.

PP2A: A Protein Phosphatase in Determining PIN Polarity

Given the importance of PIN phosphorylation status in the reg-

ulation of PIN polar localization, PIN dephosphorylation is an-

ticipated to modulate the polarity of PIN proteins. Indeed,

a recent study shows that the PP2A phosphatase activity is re-

quired for proper polar PIN localization and auxin transport-

dependent plant development (Michniewicz et al., 2007).

Mutations in PP2As (in Arabidopsis, there are three closely re-

lated PP2A, including PP2A1, PP2A2, and PP2A3) cause diverse

developmental aberrations consistent with defects in auxin

polar transport (Rashotte et al., 2001). Genetic analysis indi-

cated that PP2A (Ser/Thr phosphatases) and PID (Ser/Thr

kinase) have opposite roles in regulating auxin-dependent em-

bryo and root development. Cytological evidence supports

a basal-to-apical shift of PIN1 localization in provascular cells

in pp2aa1 pp2aa2 embryos, and of PIN2 in young cortical

cells and PIN4 in proximal initials and root meristem cells dur-

ing the post-embryo stage of the pp2aa1 pp2aa2 double

mutant (Michniewicz et al., 2007), which confirms that PP2A

is involved in auxin transport and antagonistic to PID.

What Signals Act Upstream of PID and PP2A?

An interesting question is how the kinases and phosphatases

that determine the phosphorylation status of PINs are regu-

lated and linked to the initial developmental and environmen-

tal signals that define the cellular polarity of PIN proteins.

A localized signaling pathway likely exists at the PM site

where PINs are localized, because both PID and PP2A partially

co-localizewithPIN1 inthePM.Onelikelyupstreamcomponent

in this signaling pathway(s) is 3-phosphoinositide-dependent

protein kinase 1 (PDK1), which interacts, phosphorylates, and

activates PID (Zegzouti et al., 2006) (Figure 1). Calcium may also

play an important role in the regulation of PID/PP2A-mediated

PIN phosphorylation. PID phosphorylation activity is negatively

regulated by calcium and is concentration-dependent, as a cal-

cium level as high as 2.5 mM inhibited both the auto- and trans-

phosphorylation obviously in the presence of 15 mM Mg2+
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(Zegzouti et al., 2006). Auxin-related cell elongation and root

orientation have been demonstrated to respond to changes in

cytoplasmic calcium levels, and alsoPINOID-mediatedauxin sig-

naling involves calcium-binding protein (Benjamins et al.,

2003). Cytoplamic calcium concentration can be regulated by

inositol triphosphate, a metabolite of phosphatidylinositol

4,5-bisphosphate, an important membrane signaling molecule.

Thus, both PDK1 and PP2A could be regulated by signaling

phospholipids, which might be linked to Rho GTPases (Kost,

2008), the conserved regulator of cell polarity (see below).

Conserved Polarity Regulator: ROP/Rac GTPase

The plant-specific ROP/Rac subfamily of the highly conserved

Rho-family GTPases, which controls signaling that leads to the

establishment of cell pola yeast or animal cells, has been

shown to regulate cell polarity formation in several cell types

in plants (Fu and Yang, 2001; Gu et al., 2004; Yang, 2008).

Emerging evidence supports a role for ROP signaling in the

modulation of PIN polarity. GFP–ROP2 was shown to be polarly

localized to the PM in a similar manner to PIN2–GFP (Li et al.,

2005). Gravity stimulation was found to induce vectorial reloc-

alization of GFP–ROP2 in a similar way to PIN2 re-localization.

Furthermore, ROP2 overexpression increased PIN2–GFP polar

localization and increased gravity responsiveness (Li et al.,

2005). As discussed above, VPS29-mediated endosomal traf-

ficking is required for PIN1 re-polarization to initiate lateral

root formation. Interestingly, the lateral root formation defect

in vps29 is epistatic to CA-rop2 induction of lateral root forma-

tion, suggesting a possible connection between ROP signaling

and endosomal trafficking-mediated PIN polarization (Li et al.,

2001, 2005; Jaillais et al., 2006). Consistent with the participa-

tion of the actin cytoskeleton in the endosomal pathway-

mediated PIN recycling (Geldner et al., 2001; Dhonukshe

et al., 2008), ROP GTPase signaling has been shown to regulate

cell polarity through its effect on the dynamics of the actin

cytoskeleton (Fu et al., 2002; Gu et al., 2003; Fu et al., 2005;

Yang, 2008). ROP GTPase-dependent actin dynamics has been

shown to regulate polarized exocytosis in pollen tubes (Lee

et al., 2008). These observations raise an intriguing possibility:

localized ROP GTPase signaling in the PM could provide

a mechanistic linkage between polarity signaling in the PM

and vesicular trafficking that modulates the polarization of

PINs and other auxin transporters. In support of this possibility

is the evidence that ROP GTPases participate in auxin signaling,

which, by itself, appears to regulate PIN polarization (Cheung

and Wu, 2004; Yang, 2008). Therefore, the investigation of the

linkage between ROP signaling and polarization of auxin

transporter may be another fertile field for auxin biology

and cell polarity.

AUXIN: CONSTRUCTING REGULATORY
LOOP FOR ITS OWN FLUX

According to the paradigm of cell polarity signaling, the forma-

tion of a specific cell polarity is initiated by a vectorial cue that

specifies that polarity (Yang, 2008). The polarization of auxin

transporters can be controlled by vectorial cues from the envi-

ronment, such as light and gravity. However, developmental

signals that determine the polarization of auxin transporters

remain largelyobscure.Auxinhasbeen implicatedas adevelop-

mental signal that regulates auxin transport required for organ

development (Cheng et al., 2007). Zhao’s group recently

showed that mutations causing partial deficiency in auxin

biosynthesis (yuc1 yuc4 double mutant) have a synergistic

effect on leaf and flower development with pid as well

as with npy1, a mutation in the homolog of NPH3, which

has been shown to form a complex with PID-related protein

kinase PHOT1 (Motchoulski and Liscum, 1999; Cheng et al.,

2007). This synergistic effect supports a role for auxin in the

regulation of the PID/NPY1 pathway to influence PIN local-

ization (Cheng et al., 2007). Since NPH3 is involved in pho-

totropic responses, it is likely that paralleled PID/NPY1 and

PHOT1/NPH3 pathways regulate organogenesis and photot-

ropism, respectively (Cheng et al., 2007). Importantly, two

recent studies from the Friml group suggest a role for auxin

in the regulation of PIN localization (Paciorek et al., 2005;

Sauer et al., 2006). Thus, auxin can be the start and end

point for its own flux. Evidence suggests that auxin regu-

lates its own distribution at least through two distinct

signaling pathways.

TIR1-Independent Auxin Regulation of PIN Localization

In one pathway, auxin appears to promote the polar localiza-

tion of PINs in the PM by inhibiting their endocytosis from the

PM (Paciorek et al., 2005). The evidence for this pathway came

from the experiments showing that auxin can block the accu-

mulation of PIN proteins, such as PIN1 and PIN2, in BFA-

induced endomembrane compartments called BFA bodies. It

was proposed that auxin inhibits the endocytosis of PINs from

the PM (Paciorek et al., 2005). Indeed, it was shown that high

concentrations of auxin (10–50 lM) could inhibit clathrin-

mediated endocytosis of PINs (Dhonukshe et al., 2007). The

auxin inhibition of PIN endocytosis does not require protein syn-

thesis, implicating that this auxin action is independent of the

well established TIR1-dependent auxin signaling pathway,

which involves auxin-mediated gene expression (Woodward

and Bartel, 2005; Quint and Gray, 2006; Teale et al., 2006).

Therefore, it would be of great significance to elucidate the

mechanism of TIR1-independent action mediated by auxin.

What is the developmental significance of regulation of PIN

localization by the auxin-mediated endocytosis? Two possible

models can explain the role of this auxin-mediated PIN local-

ization. In the first model, auxin-mediated endocytosis of PINs

could be important for the maintenance of polar PIN localiza-

tion, once the initial PIN polarity is established. Polar PIN local-

ization presumably would result in high extracelluar auxin

concentrations localized at the side of PIN localization, which

would locally suppress endocytosis of PIN at the side, while cla-

thrin-mediated endocytosis would be more active at the non-

PIN sides. This would generate a positive feedback mechanism
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to self-maintain the polarized localization of PINs. This model

would be consistent with the observation that high levels of

auxin are needed to inhibit endocytosis (Dhonukshe et al.,

2007). This mechanism may be important for the regulation

of PIN localization in cells where high concentrations of auxin

are present. For example, some cells which surround quiescent

center cells have higher auxin concentrations and display

lower internalization of PIN proteins (Paciorek et al., 2005).

In a second model, auxin inhibition of PIN endocytosis could

be involved in the initial establishment of PIN polarization. In

this case, some other spatial regulation could result in a local-

ized accumulation of a high concentration of auxin, which

would then promote localized inhibition of PIN endocytosis

to initiate polar distribution of PIN in the PM. Because auxin

is a highly diffusible small molecule, localized accumulation

of high auxin levels would require a localized auxin transport

or biosynthesis system. However, it is also possible that auxin is

a self-polarizing signal that can activate the polar localization

ofPINstocause localizedauxinaccumulation.Givenanenviron-

ment where auxin is uniformly distributed, a stochastic local-

ized change in auxin concentration could locally activate

a self-polarizing signaling mechanism through positive feed-

back loops to rapidly establish PIN polarization. This type of

self-polarization has been observed in animal cells, where incu-

bation of animal cells in a solution containing a polarizing sig-

nal can induce cell polarization. Mathematical modeling shows

that the stochastic self-polarization is possible (Altschuler

et al., 2008). However, inhibition of PIN endocytosis by high

levels of auxin is unlikely to account for this type of self-

polarization, because this system would not be sensitive

enough for a small stochastic change in local auxin concen-

tration. Such localized small changes in auxin concentration

most likely require a highly sensitive auxin sensing system

such as the TIR1-dependent auxin sensing mechanism dis-

cussed below.

TIR1-Dependent Auxin Regulation of PIN Localization

As mentioned above, it is possible that auxin can maintain

polar PIN localization and initiate re-polarization of PIN in re-

sponse to stochastic changes. Auxin itself could act as a self-

polarizing signal by modulating PIN localization. Recently,

the Friml group demonstrated that a TIR-dependent signaling

pathway can signal to re-polarize PIN proteins (Sauer et al.,

2006). In given cells, auxin treatment is sufficient to shift api-

cally localized PIN2 in cortical cells to the lateral side, and the

basally localized PIN1 in pericycle and endodermis cells to lat-

eral sides. Thus, re-polarization induced by auxin is cell type-

specific. There is some evidence that re-polarization of PINs in

given cells is independent of their own transcription. By utiliz-

ing promoters with no auxin-inducibility such as 35S and SCR,

Paciorek et al. (2005) concluded that auxin-promoted PM PIN1

localization proceeds without de-novo PIN1 synthesis. Further-

more, auxin-induced PIN lateralization occurs in the genetic

background, in which PID, GNOM, or BIG is mutated, indicat-

ing the re-polarization is independent of the PID, GNOM, and

BIG pathways. Pre-treatment of roots by MG-132, a 26S proteo-

some inhibitor, prevented auxin-induced PIN lateralization, in-

dicating the necessity of a TIR1-dependent signaling pathway

for this process. Consistently, root hair formation is blocked

when lateral auxin flow is inhibited by incorrect PIN1 lateral-

ization caused by disruption of the TIR1 signaling pathway.

Therefore, we can expect that the expression of certain genes

that are dependent on the TIR1 signaling pathway is required

for the lateralization of PINs.

Auxin also has a long-term effect on auxin distribution by

regulating PIN protein expression. In single, double and even

triple pin mutants, the remaining PIN genes appear to be ec-

topically expressed to compensate for the defective PINs

(Blilou et al., 2005). The ectopic expression of remaining PIN

genes is the consequence of redistribution of auxin in pin mu-

tant cells. This is consistent with auxin-triggered, PLT-mediated

auxin redistribution and reconstruction of auxin gradient in

root tissues (Blilou et al., 2005; Galinha et al., 2007). The PLT

family comprises four close members of the AP2/ERF superfam-

ily, which act as transcriptional factors and characterize auxin-

induced transcription (Aida et al., 2004; Blilou et al., 2005). In

root tissues, the four members of PLT proteins are expressed in

root meristem and define the fate of stem cells in a PLT dosage-

dependent way (Aida et al., 2004; Galinha et al., 2007). PLT

genes are thought to be secondary auxin-responsive factors

or slow auxin-responding components in auxin signaling path-

ways and this process is inhibited by IAA14 (Aida et al., 2004).

Expression of PLT genes themselves is auxin-inducible. Indeed,

PLT proteins regulate the expression of PIN genes in the root

cells and PIN proteins can reversely restrict expression patterns

of PLT genes within particular cells (Aida et al., 2004; Blilou

et al., 2005; Galinha et al., 2007).

The studies discussed above highlight several feedback

loops of auxin fluxes. One is from auxin to inhibition of

PIN endocytosis and to polar auxin transport, which is TIR1-

independent. The second is the regulation of PIN localization

by a TIR1-dependent signaling pathway to direct auxin flow.

The third is from auxin to the action of PLTs, which then reg-

ulate feedback action of PIN genes and to polar auxin redistri-

bution to maintain a maximum auxin level in the root tip.

Therefore, auxin can perform to regulate its own flux and ho-

meostasis elegantly. Many mechanistic details in these feed-

back loops, such as the relationship of auxin-induced gene

transcription and polar localization of PIN proteins, remain

to be elucidated.

CONCLUSIONS AND PERSPECTIVES

It is clear that complex vesicular trafficking pathways, which

emanate from both endocytic and antegrade pathways, are in-

tegral to the polar distribution of auxin translocators in the

plasma membrane. These pathways appear to be subject to

the regulation by environmental and developmental cues that

determine the polarity of a specific auxin translocator. A num-

ber of prominent signaling molecules such as the PID protein
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kinase, PP2A protein phosphatases, and ROP GTPases have

been implicated in the regulation of PIN polarity. Finally, both

short-term and long-term auxin signaling pathways partici-

pate in the regulation of PIN polarity, implicating auxin itself

as a developmental signal influencing polar distribution of

auxin translocators. Major future challenges reside in under-

standing what signaling mechanisms specify specific plasma

membrane domains for the localization of auxin transporters,

how they are linked to auxin signaling pathways, and how

they orchestrate endocytosis, endosomal sorting and recy-

cling, and transcytosis of these transporters.
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