
Regulation of short-distance transport of RNA and protein
Jae-Yean Kim
The intercellular trafficking of proteins and RNAs has

emerged as a novel mechanism of cell–cell communication

in plant development. Plasmodesmata (PD), intercellular

cytoplasmic channels, have a central role in cell–cell

trafficking of regulatory proteins and RNAs. Recent

studies have demonstrated that plants use either a

selective or a non-selective PD trafficking pathway for

regulatory proteins. Moreover, plants have developed

strategies to regulate both selective and non-selective

movement. Recent work has focused especially on

integrating the recent understanding of the function

and mechanisms of intercellular macromolecule movement

through PD.
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Introduction
Intercellular communication that delivers crucial infor-
mation for position-dependent specification of cell fate is

an essential biological process in multicellular organisms.

In animals, the understanding of ligand–receptor- and

gap-junction-mediated communication pathways is well

established. Moreover, recent observations of intercellu-

lar nanotubular structures suggested that animal cells

have the potential to exchange macromolecules symplas-

mically [1��]. In plants, two pathways for intercellular

communication are also evident: the ligand–receptor-

mediated apoplastic pathway and the plasmodesmata

(PD)-mediated symplasmic pathway. Evidence suggests

that regulatory proteins and RNAs can traffic symplasm-

ically through PD and play a crucial role in cell–cell

communication. Excellent comprehensive reviews are

available [2–5]. In this review, we focus on recent

advances that have addressed the trafficking modes,

regulatory mechanisms and biological significance of

short-distance transport of proteins and RNAs.

Non-cell-autonomous proteins and RNA
Non-cell-autonomous proteins (NCAPs) represent all

proteins that can traffic between plant cells [6��]. There

are three classes of NCAPs: viral proteins, regulatory

proteins and phloem proteins (Table 1). Viral movement

proteins (MPs), one of the best-characterized protein

families, are known to interact with PD to increase their

size exclusion limit (SEL), to traffic themselves and to

facilitate spread of the virus [7–9]. Regulatory NCAPs

have an important role in the determination of cell fate.

The first endogenous protein shown to traffic from cell to

cell was the maize homeodomain protein KNOTTED1

(KN1), which is involved in the maintenance of the shoot

apical meristem (SAM) [10]. Its Arabidopsis homologs,

KNAT1/BREVIPEDICELLUS and SHOOT MERIS-

TEMLESS (STM), were also shown to move in the SAM

[11�]. Regulatory proteins that are involved in flowering

or root cell differentiation, such as LEAFY (LFY), DEFI-

CIENS, GLOBOSA, CAPRICE and SHORT ROOT

(SHR), also act as NCAPs [12–16]. These NCAPs traffic

over a range of between one and a few cell layers, and thus

might function as short-distance signals. Phloem proteins

are the third category of NCAPs. Sieve-tube exudates are

known to include a surprisingly large number of proteins

and RNAs [17–20]. As sieve elements lose their nuclei

during development, all proteins or RNAs in them are

thought to be imported from the neighboring companion

cells. Of these phloem proteins, only three have been

characterized for their PD-gating ability (Table 1).

Although they have a potential role as long-distance

signals as well as in sieve-tube maintenance, the function
Current Opinion in Plant Biology 2005, 8:45–52
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Table 1

Non-cell-autonomous proteins.

Protein Method Plasmodesmal

regulation/

RNA trafficking

References

Viral proteins

MP/CP M, B, T Gating/RNA [57,58]

Plant transcription factors

LFY/FLO M, T, C [13,59]

GLO M, C [12,14]

DEF M, C [12,59]

KN1/STM/KNAT1, M, B, T, C Gating/RNA [10,11�,60,61]

SHR T [16,56��]

CPC T [15]

Phloem proteins

CmPP16 M Gating/RNA [62]

CmPP36 M [35]

HSC70 M Gating [33]

PP1, PP2 M RNA [22]

SUT1 T RNA [63]

TRX M Gating [39]

Fluorescently labeled probes were introduced into target

cells by: microinjection (M), microprojectile bombardment (B),

expression as a transgene (T) or chimera formation (C). CP,

coat proteins; CPC, CAPRICE; DEF, DEFICIENS; FLO,

FLORICAULA; GLO, GLOBOSA; KNAT1, KN1-related

homeobox protein 1 in Arabidopsis thaliana; PP, phloem

protein; SUT1, SUCROSE TRANSPORTER1; TRX, thioredoxin h.
of these phloem proteins and RNAs remains largely

unknown.

Plasmodesmal components and regulators
PDs provide a unique symplasmic pathway for intercel-

lular macromolecule trafficking. The identification of

structural and functional components of PD remains a

major challenge in plant biology. To date, about a dozen

proteins have been found in and around PD, including

pectin methyl esterase (PME), actin, myosin, centrin,

calreticulin, calcium-dependent and -independent pro-

tein kinases and several proteins of unknown function. As

calcium is known to modify the PD SEL, calcium-depen-

dent phosphorylation of the actin–myosin machinery

might be important for NCAP trafficking [2]. Recently,

Escobar et al. [21�] developed a wonderful functional

genomics approach to screen plasmodesmal-targeting pro-

teins using the transient viral expression of a green fluor-

escent protein (GFP)-tagged cDNA library. Using this

high-throughput assay, 12 fusion proteins from about 20

000 infection foci were localized to PD. Even though the

functional significance of these proteins needs to be deter-

mined, further large-scale genomic approaches will shed

light on these elusive tunnels that interconnect plant cells.

Genetic approaches also hold great promise for the dis-

covery of PD structural and regulatory proteins. The

INCREASED SIZE EXCLUSION LIMIT OF PLASMO-
DESMATA 1 (ISE1) gene is required for the regulation of
Current Opinion in Plant Biology 2005, 8:45–52
PD SEL during embryogenesis [22]. ISE1 encodes a

DEAD-box RNA helicase localized to puncta in the plant

cell wall (P Zambryski, I Kim, personal communication).

As the helicase domain in several plant viruses is essential

for cell–cell movement and there is no structural altera-

tion in the PD of ise1 mutants, it was suggested that the

ISE1 gene plays a regulatory role in PD function. Despite

the increase in the number of known PD-localized pro-

teins, much work remains to be done to identify the

complete set of structural and regulatory PD elements,

which are suggested to have similar mechanistic complex-

ity to the 120-MDa nuclear pore complexes. Further

genetic, proteomic and biochemical approaches will be

necessary to describe the entire PD network. High-

throughput proteomics approaches using PD enriched

cell walls are expected to be especially valuable resources

to screen PD components [23].

Mechanisms of plasmodesmal
macromolecular trafficking
Two modes of movement through PD have been pro-

posed. Selective trafficking involves specific interactions

between a signal motif of NCAPs and endogenous factors,

accompanied by PD SEL increase. By contrast, non-

selective trafficking is diffusion-based and depends upon

the endogenous PD SEL.

The best-understood case of selective trafficking is the

trafficking of viral MPs that have plasmodesmal gating

activity [7]. Viral MPs interact with chaperones, the

cytoskeleton, PME and nuclear proteins [24–29].

Although the role of microtubules in intercellular MP

trafficking remains controversial [29,30], the actin–

myosin machinery is required for cell–cell movement

of the viral replication complex [31]. Interaction of a

DNAJ-like chaperone with MP suggested that chaperone

activity is required for partial unfolding of NCAPs before

their passage through PD [24]. This is consistent with

findings that the beet yellow virus HSP70 homologue is

essential for viral movement [32] and that plant HSP70s

function as PD SEL modifiers [33]. PME was suggested

to be an MP receptor [26,29,30]. MP movement can be

affected by phosphorylation [34] or by interaction with

either a microtubule-associated protein, MBP2C, or a

leucine-zipper homeodomain protein, HFi22 [25,27].

MPs seem to piggyback on the endogenous trafficking

machinery. This idea is supported by the fact that an MP-

related Cucurbita maxima phloem protein, CmPP16, can

traffic itself and RNA through PDs [35]. Recently, Lee

et al. [6��] isolated a CmPP16-interacting protein, NON-

CELL AUTONOMOUS PATHWAY PROTEIN1

(NCAPP1), and identified it as a candidate component

of the plasmodesmal trafficking network. NCAPP1 prob-

ably functions as a mobile receptor that moves along the

endoplasmic recticulum membrane to deliver its cargo to

the PD (Figure 1a; [6��]). Interestingly, NCAPP1 is
www.sciencedirect.com
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Figure 1
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Diffusion-based non-selective and receptor-mediated selective protein trafficking. (a) Model for NCAPP1 function in the selective trafficking

pathway. NCAPP1 acts as a receptor carrier of NCAP that passes its cargo (NCAP) to plasmodesmal receptors. In transgenic plants

overexpressing a dominant negative NCAPP1 mutant (DNCAPP1), this pathway is blocked by the formation of dysfunctional complexes

between DNCAPP1 and the PD docking protein. Modified with permission from [6��]. (b) Correlation between cytoplasmic localization and

trafficking capacity of 2xGFP, 2xGFPnls (nuclear localization signal) and LFY–GFP fusions (N-terminal and C-terminal GFP fusions) are

schematized. In GFP–LFY, GFP is fused to the N-terminus of LFY, in contrast, LFY–GFP is a C-terminal GFP fusion to LFY. Green circles

represent nuclear GFP fluorescence. The intensity of green color outside of the nuclei represents the level of cytoplasmic GFP.

(c) SAM structure in Arabidospsis thaliana. L1 and L2 are single cell layers and L3 consists of several cell layers.
related to GP40, which is localized to the nuclear per-

iphery and might play a role in nuclear protein import

[36]. This observation supports the idea that plasmodes-

mal trafficking might be mechanistically related to

nucleo-cytoplasmic trafficking through nuclear pores

[37]. Plants overexpressing a dominant negative mutan-

tion of NCAPP1 showed a loss of organ symmetry, fusion

of organs and altered cell-fates in the leaf epidermis,

highlighting the developmental significance of the

NCAPP1-associated trafficking pathway. The mutant

version of NCAPP1 also inhibited the cell–cell trafficking

of CmPP16 and tobacco mosaic virus (TMV) MP as well

as their PD gating ability. This effect was specific as the

PD-gating activity of KN1 was not blocked. These results

support the presence of selective trafficking pathways,

and suggest that multiple networks mediate movement

through PD.

Since the selective trafficking of NCAPs was postulated,

efforts have been made to identify selective-trafficking
www.sciencedirect.com
signal motifs. To date, trafficking-signal peptides that are

necessary and sufficient for intercellular trafficking have

not been isolated. Studies using thioredoxin h or MPs

suggested that the signal peptide might have either a

three-dimensional structure or a combination of a primary

sequence and a three-dimensional structure [7,38,39].

A carboxy-terminal 99-amino-acid domain of TMV MP

is required to increase the PD SEL [7]. A potential peptide

signal (the SVR motif) was identified from a CmHSP70

using deletion analysis. However, this 25-amino-acid motif

operates only within the context of the HSP70 chaperone

machinery, as it can induce the trafficking of human

HSP70 but not of heterologous proteins [40].

Besides selective protein trafficking, plant cells can also

exchange proteins by diffusion. The use of GFP as a

reporter greatly intensified our understanding of this

mode of non-selective intercellular protein trafficking.

GFP movement between plant cells suggested a dynamic

regulation of PD SEL [41,42,43�]. As GFP is not an
Current Opinion in Plant Biology 2005, 8:45–52
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endogenous plant protein, it must move by a non-

selective mechanism. Recently, Wu et al. [44��] proposed

that LFY, a transcription factor that activates floral

homeotic genes, also moves in a non-selective manner,

mediated by simple diffusion. A strong correlation

between the cytoplasmic localization and trafficking abil-

ity of GFP–LFY fusions was observed, as reported for

other diffusion-based movement (Figure 1b; [45,46]).

Moreover, LFY does not appear to have a specific traf-

ficking signal motif because all GFP fusions with LFY

fragments were able to move. This suggests that diffusion

is the default state for some proteins, unless they have a

retention mechanism that targets them to a specific

compartment or complex. However, diffusion-based

LFY movement seems to be regulated in a tissue- or

PD-dependent manner. For example, GFP–LFY fusions

move more easily between apical–basal layers than in a

lateral direction, and LFY cannot move into the inflore-

scence meristem from the floral meristem. This and other
Figure 2
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studies indicate that some PD do not permit the free

movement of LFY, suggesting that LFY trafficking

occurs in selective symplasmic borders consisting of a

symplasmic domain in the floral meristem [13].

RNA/DNA trafficking and its regulation
Viral RNAs and DNAs, viroids and some selected endo-

genous RNAs traffic between cells by way of plasmodes-

mal or phloem symplasmic networks [31,47�,48�]. RNA

trafficking was first found in the study of viral infection,

during which viral RNA genomes move as ribonucleo-

protein complexes (RNPs) with MP or the virus replica-

tion complex [31,49,50]. Recent characterization of a

bipartite RNA sequence motif that is required for the

directional trafficking of the potato spindle tuber viroid

from bundle sheath cells to mesophyll cells suggested

that this motif is involved in specific interactions with

endogenous factors [47�]. The unidirectional-trafficking

motif suggests either that the plasmodesmal orifice in a
AAA   RNP

AAA AAA  mRNA

Ribosome

NCAP

PD

 cells

AAA
SDE1

10–15 cells

dary
As

Secondary
siRNAs

as KN1 can bind to its RNA and facilitate RNA trafficking. In source

lls as RNPs. In target cells with low levels of RNP, the RNP dissociates

eassociation with its RNA, which then moves to neighboring cells.

the absence of amplification, through the trafficking of primary 21 nt

ndary 21 nt siRNA synthesized de novo by the action of SDE1
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cell boundary has a molecular composition that varies

among different cell types or that each cell type has

unique factors that interact with specific RNA motifs

to potentiate trafficking.

The mRNA of the tomato KN1-related homolog gene,

LeT6, can also traffic from cell to cell. Kim et al. [51]

observed that the movement of a PYROPHOSPHATE-

DEPENDENT PHOSPHOFRUCTOKINASE–LeT6

fusion RNA from a Mouse ears (Me) stock into a wild-type

graft scion induced Me morphology in the scion shoot,

suggesting that Me RNA functions as a long-distance

developmental signal. However, it is unclear how Me
transcripts traffic between cells. Some plant NCAPs,

including KN1, can specifically bind to RNA and facil-

itate its trafficking [10]. Ribonucleoprotein trafficking is

proposed to be mediated by an NCAP-dependent relay

mechanism as shown in Figure 2a.

In addition, trafficking of mRNA fragments might have

an important role in the regulation of gene expression by

means of post-transcriptional gene silencing (PTGS)

pathways. PTGS or RNA interference (RNAi) is a

sequence-specific RNA degradation pathway that is pro-

pagated systemically in animals and plants. Recently, it

has been reported that the cells of animals such as

Caenorhabditis elegans express a receptor-like dsRNA

transporter that is essential for systemic RNAi responses

[52,53��]. To date, this kind of protein has not been

reported in the plant kingdom. Himber et al. [54��]
showed that the extensive cell–cell movement of RNA

silencing is the result of relay amplification of the 21 nt
Figure 3
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siRNA and of reiterated short-distance signaling events

(Figure 2b). This group has obtained enhanced and

defective systemic silencing ethyl methanesulfonate

(EMS) mutants (O Voinnet, personal communication);

the molecular characterization of these mutants will dis-

close the trafficking machinery of siRNAs.

Biological function of intercellular
macromolecule trafficking
Despite the potential importance of the trafficking of

endogenous transcription factors, the specific significance

of intercellular trafficking is not always clear. The expres-

sion of different target genes, depending on trafficking-

mediated gradients of NCAP concentration, might be

important for cell differentiation. For example, a KN1

gradient either between the SAM and the P0 domain or at

the base of older leaf primordia is speculated to control

boundary-specific target genes [55]. Another function of

protein trafficking is in the specification of cell fate.

Benfey and colleagues [16,56��] showed that movement

of SHR protein from the stele is limited to the adjacent

endodermal layer, whereas the competence to respond to

SHR extends beyond the zone of movement. This

emphasizes the functional role of this tightly regulated

SHR trafficking in generating the correct root radial

pattern (Figure 3).

Another possible role of movement could be the coordi-

nation of cell fate within the expression domain. For

example, LFY RNA and protein are expressed in the

same domain within young flowers, thus LFY trafficking

might function as a redundant safety mechanism to
p
LRC  ep co en     st

co/en in

ep/LRC in

cr

/wt

t (b)
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l of SCARECROW promoter (pSCR). The darkness of the green

the subcellular localization of SHR and its trafficking ability.

in movement. (b) SHR competence in regulating root radial patterning.

respond to SHR extends beyond the zone of movement (yellow). co,

tele. Modified from [56��].
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ensure coordination of cell fate in the flower bud [13].

However, LFY movement is also required for normal

flower development, suggesting the importance of pro-

tein trafficking per se [44��]. Similarly, the overexpression

of a non-trafficking version of KN1 fusion did not cause

the KNOX overexpression phenotype [11�]. These obser-

vations suggest that protein trafficking per se, possibly

accompanied by post-translational protein modification

during trafficking, might be a prerequisite for some

functions of NCAPs. It is now thought that the cell–cell

trafficking of plant proteins has multiple functions in

specifying the correct developmental program.

Conclusions and future perspectives
Clearly cell–cell communication by way of plasmodesmal

protein and RNA trafficking has a pivotal role in plant cell

biology and development. However, its mechanism and

regulation are still mostly a black box. Thus, a future

challenge will be to understand how macromolecular

trafficking occurs and how it is regulated. To identify

NCAPs and trafficking RNAs as well as their modes of

trafficking on a full-genome scale is an enormous task. It

will be important to determine whether the diffusion-

based movement of regulatory proteins through PD is

restricted to a few unique proteins or if it is widespread.

Identification of trafficking signal motifs or domains

will be essential to elucidate selective trafficking mech-

anisms. Combined proteomic/genomic, molecular and

biochemical approaches will be required to develop a

complete picture of the PD structural components and

functional regulators. To explore these once obscure

channels is an exciting and essential endeavor that will

continue to reveal the wonders of plant cell biology.

Update
Yoo et al. [64��] recently showed that pumpkin phloem

sap contains an endogenous population of small RNA

species, predominantly in the form of single-strand RNA

(ssRNA) ranging from �18 to 25 nucleotides, which

might serve as the systemic signals. Microinjection stu-

dies demonstrated that single- or double-stranded RNA

cannot simply diffuse between tobacco cells. They iden-

tified Cucurbita maxima phloem SMALL RNA BIND-

ING PROTEIN1 (CmPSRP1), which binds selectively

to 25-nucleotide ssRNAs and that can mediate the cell–

cell trafficking of ssRNA, but not double-strand RNA or

long mRNA. As CmPSRP1 probably acts during systemic

RNAi by mediating cell–cell trafficking of ssRNA

between companion cells and the sieve tube system,

additional small RNA binding proteins for local transmis-

sion of RNAi must be required.
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