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NEW TRENDS IN POLARITY
II. NUCLEOCENTRIC ORIGIN OF INTRINSIC CELL POLARITY1

BY

Gilbert TURIAN & Francisco BARJA*

(Ms sounus le 7 6 1994, accepte le 5.7 1994)

Abstract

New trends in polarity. II. Nucleocentric origin of intrinsic cell polarity. - Intracellular
polarization is shown to find its starting point in the nucleolus, the internally polarized nuclear organite,
site ot DNA transcription into the RNAs. These maeromolecules are then vectorially exported - as

reviewed - through the nuclear matrix to the presumptive site(s) of cytoplasmic outgrowth, genetically
monopolar m Neuiospoia conidial cells.

INTRODUCTION

A chain of transfer of morphogenetic information polarly starting from the nucleus
has early been assumed (see Kiermayer. 1981) in which membranes of the endoplasmic
reticulum (ER) receive information by a sequence DNA-RNA-ribosomes (R)-protein.
Then intervenes in the cytoplasm a membrane flow from the ER and "transitorial
vesicles" carry information to the membranes of the Golgi (G) system. From the G

dictyosomes, special vesicles are formed that finally transfer the information to the

plasma membrane where it is realized.

A. Nui leolus

The nucleus appears to be internally ordered and can be subdivided into DNA- and

RNA-related functional domains. Such ordering is also that of the transient nucleolus-

dependent ribosome biogenesis (Warner, 1990) which involves DNA transcription by
RNA polymerase I (pol I) and the processing of ribosomal RNAs (Sommerville, 1986;

Scheer and Benavente, 1990). Small nucleolar nbonucleoproteins (snoRNPs) appear to

play a role in the processing of pre-ribosomal RNAs (pre-rRNAs) and ribosome

1 Chapter IV. E and F (Table of contents, Turian, 1989-92)
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assembly (Tollervey & Hurt, 1990). The most abundant snoRNA, U3 is hydrogen-
bonded to pre-ribosomal RNA. Like the spliceosomal snRNAs, the snoRNAs exist as

ribonucleoprotein (RNP) particles which appear to assemble into a large multi-RNA
RNP complex for pre-rRNA maturation (Fournier & Maxwell, 1993).

In the nucleolus, synthesis of RNA occurs along the loops of lampbrush chromosomes

according to a pattern which suggests that the DNA is being unwound at one end

of the loop, spun in at the other and transcribed only when exposed in the loop. The

postulated movement of the loop occurs in a polarized direction (Callan, 1963). It is

important to trace the active rRNA genes within the nucleolar body but the results
obtained to date remain somewhat controversial as well as the important question of
where nucleolar transcription takes place (Jordan, 1987). Nevertheless, nucleolus

organizer regions (NORs) are known to be greatly involved in nuclear polarity
(Manuelidis & Borden. 1988) and there is also evidence for polarity between different
NORs, and between NORs and the nuclear envelope. These points which underline the

importance of nucleolar polarity are further discussed in Hemandez-Verdun (1991). Of
special interest is her observation that, "in the metaphasic plate, the NOR-bearing
chromosomes are closer to each other than would be expected from a random
chromosomal distribution". This would indicate that there is certainly "a polarized
arrangement of the NOR-bearing chromosomes in the interphasic nuclei".

Three morphologically distinct nucleolar components can usually be recognized by
thin section electron microscopy: the fibrillar centers and the dense fibrillar and granular

components (Goessens, 1984). The granular part contains the ribosomal processing
intermediates (pre-rRNP) (Fakan & Puvion, 1980). According to Scheer & Benavente

(1990) "there is a general consensus that ribosome biogenesis is a vectorial process
which begins within the confines of the fibrillar components and continues into the

surrounding granular component of the nucleolus". Starr & Hanover (1990) have

suggested that the fibrils which extend from the nuclear surfaces of the nuclear pore
complex (NPC) are involved in regulating RNA export.

The central element of the nucleolus, upon which all the rest of the nucleolar
structure assembles, is the tandemly repeated ribosomal DNA that codes for the large
rRNA precursors (Reeder, 1990). Electron microscopic localization of ribosomal DNA
in rat liver nucleoli by nonisotopic in situ hybridization has been further studied and

ribosomal DNA sequences found to be enriched in the dense fibrillar component of the

rat liver nucleolus (Jimenez-Garcia et al., 1993).
Nucleoli are known to be sensitive to high temperatures and an heat-shock (HS) of

cells provokes the intranuclear formation of "dense corpuscules" associated with the

nucleolus in root tip meristems of onion and corn (Risueno et al., 1973 and Fransolet et

ai, 1979 in Nover et al., 1989). Perinucleolar dense spots have also been found around
the nuclei of heat-treated (46°C) macroconidia of the red mold Neurospora crassa
(Ton-That & Turian, 1978) and their RNP composition cytochemically demonstrated

(Ton-That et al., 1981). Thermal retention of transportable rRNAs (ribosome subunits)
has also been observed by Wunderlich et al. (1984) in nuclei from animal cells. Other
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types ot penchromatin granules and so-called "nuclear bodies", first studied in the 60's

by Bernhard's group and then by Arrigo et al. (1980), have been "rediscovered" in
animal cells by Brasch and Ochs (1992) and one class of these multifunctional
organelles coiled bodies shown to be nucleolus-denved and involved in the processing
or transport of both pre-mRNA and pre-rRNA

Nucleoli can be transiently damaged by heat-shock which disrupts pre-ribosomal
RNPs in someway (Simard et al., 1974 in Pelham, 1984) and their export of nbosomes

is blocked for several hours, in contrast with what occurs in normal conditions in which
pre-ribosomes are chased out of nucleoli (Pelham, 1984). With the onset of HS the

formation of mature ribosomal subunits stops immediately and completely (Scharf and

Nover, 1982, 1987 in Nover et al., 1989) Prenbosomal ribonucleoprotein (prerRNP)

processing is evidently the most heat-sentitive step of ribosome biosynthesis.
Certain heat shock proteins (HSPs) have been suggested to be present in

association with cytoskeletal frameworks (Wang et al, 1981) The major heat shock protein
HSP70 could catalyze reassembly of damaged preribosomes and other RNPs after heat

shock (Pelham, 1984) and a massive accumulation of this HSP in the granular material
of the nucleolus could exert a protective effect allowing immediate recovery after the

stress period (Neumann et a!, 1987 in Nover et al, 1989)
Heat-shock produces changes in both the number and size of the granular RNP

components, and finally reorganization of the nucleolar fibrillar reticulum in rat

fibroblasts Parallely, cytoplasmic actin is induced to translocate into nucleus where it
forms paracrystal-like structures (Pekkala et al, 1984, Welch & Suhan, 1985). These

findings have be extended to the HSP90 and HSP 100, both actin-binding proteins,
which could cross-link intranuclear actin filaments (Koyasu et al., 1986), with the

expected consequence that such bundling of actin would interfere with its function in
nucleocytoplasmic transport Both these works, contrarily to Iida's et al. (1986)
suggestions, provide a possible cue to the understanding of the cytochalasin-prevention of
RNP nuclear export in heat-shocked cells (Barja & Tunan, 1993, see B)

B Niuleat actin and RNA e\poit

The shift down from 46° to 25°C of heat-shocked comdia of Nemospota crassa

provoked the migration of sH-uridine labelled RNP, presumed prenbosomal
components, from the nucleus to the cytoplasm paralleled by the disintegration of the dense

spots (Ton-That & Tunan, 1984). On the basis of a rapidly labelling technique of
nucleai RNA, Nakayasu & Ueda (1985) have further suggested that nuclear actin holds

nascent RNAs and thus might also play a role in processing and transport of these

RNAs A role of nuclear actin filaments in the RNA transport was further investigated
by Ueyama et al (1987) who used phalloidin as an inhibitor of actin filament
depolymerization and found that it had no effect on the system. They concluded
therefore that actin filament depolymerization may not be involved in the transport of
RNA Our iecent finding of perinucleolar RNP dense spots in cytochalasin-treated
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conidia (Turian et al., 1992) similar to those previously found in heat-shocked conidia
of N Liassa rather leads us now to consider that it is the polymerization of actin which
is involved in this export process, F-actin tracks thus playing a guiding roleJ) for the

transport of pre-nbosomal particles from the nucleoli to the conidial cytoplasm (Barja &
Turian, 1993). This interpretation is supported by the suggestive microscopical
observations of RNP-like particles bound to nuclear actin cables made of tightly
associated microfilaments as previously observed by Gounon and Karsenti (1981).

Following Singer's suggestion (1992) that mRNAs also become associated with actin
filaments, Rosbash & Singer (1993) have studied the tracks from DNA to cytoplasm
and the compartimentahzation of certain mRNAs has been shown by Zachary &
Rozengurt (1992) to occur via binding of their 3' untranslated regions to cytoskeletal
microfilaments (Kislauskis & Singer, 1992)

It had been suggested by Sanger et al (1980) that actin is able to translocate across
the nuclear pore complex The radius of the nuclear pore would be variable thereby
enhancing transport rates (Paine et al., 1975) and suggesting that it may function in the

manner of a diaphragm composed of ATP-dependent contractile pioteins. Among the

possible functions of such nuclear contractile proteins, LeStourgeon (1978) proposed
that "actin may be required for the efficient and directed transport of RNA to the

cytoplasm" and derived from that an actomyosin-based pore model. A nuclear
contractile protein could thus serve in the transport of precursors such as preribosomal
particles and/or HnRNPs from various regions of the nucleus or nucleolus to the

cytoplasm (Bremer et al., 1981). Actin and myosin have further been suggested by
Schindler & Jiang (1986) to participate to nucleocytoplasmic transport mechanisms.

They studied such nuclear pore-mediated transport with both phalloidin and

cytochalasin D which individually inhibited the ATP-dependent protein contractility.
However, the nuclear contractile system includes not only actin but a-spectrin, myosin
light chain kinase (MLCK) and caldesmon Actin as well as MLKC are present not only
in nuclear matrix, envelope and pores but also in nucleoli and this nuclear contractile

system could be activated by nuclear calmodulin (Bachs et al, 1990) As suggested by
Forbes (1992), it would be of high interest to detect an actin-type of protein in the
nuclear pores (first indication in Turian & Barja, 1995)

The transport out of the nucleus involves nbonucleoproteins (RNPs) and not naked

RNAs The component of the transport machinery would confer selectivity on RNA
movement and act by recognition of RNA. protein or both. In this problem of transport
of RNA between nucleus and cytoplasm, basic questions thus remain to be answered
such as "whether export requires association of the RNA with specific proteins"
(Izaurralde & Mattaj, 1992).

a As anti-dctin drugs, cytochalasins might also enforce the intranuclear confinement of the RNA
transcripts of retroviruses (AIDS, etc and thereby provide a new preventive strategy against their
intercellular transmission
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C The role of the ma leai pore t omplex

The nuclear envelope plays a dynamic role in nucleocytoplasnuc transport (Stewart

et al„ 1991). Along this pathway it implicates a relationship between nuclear pores,
lamina fibers and pore-connecting fibrils. The intermediate filament proteins lamins

located at the nucleoplasms surface of the inner nuclear membrane concour to the

assembly-disassembly of the nuclear lamina (Nigg, 1992).

Nucleocytoplasnuc transport of either proteins (Garcia-Bustos et al., 1991, Silver,
1991) or both proteins and RNA (Goldfarb & Michaud, 1991; Nigg et al., 1991) has been

recently reviewed and shown to be bidirectional through an asymmetric nuclear pore

complex (NPC). The NPC is a 125'000 kDa machine (Reichelt et al., 1990 in Goldfarb &
Michaud, 1991) that transports both proteins and RNAs bidirectionally across the nuclear

envelope The two faces of NPC are not identical. This asymmetry could reflect a

functional differentiation of the two NPC halves with respect to the mechanics of substrate

binding (Goldfarb & Michaud, 1991), a fact which raises questions relevant to the

problem of vectorial translocation. Both protein import and RNA export can be seen in low
resolution micrographs to occur through the nuclear pore (Dworetzky & Feldherr, 1988).

Nucleocytoplasnuc transport may be an important regulatory point in the control of

gene expression (Davis, 1992). According to Zapp (1992). the transport of RNAs from
the nucleus to the cytoplasm is an obligatory step in such gene expression and may also

be a target for regulation The cellular machinery has the capacity to export a myriad of
RNA transcripts, which differ significantly in sequence and structure. Two hypothetical
models for a two-step mechanism tor receptor mediated RNA export have been

proposed: (a) the RNA, but not the receptor is transported to the cytoplasm, (b) the

RNA/receptor complex is transported to the cytoplasm In the cytoplasm, the

RNA/receptor complex dissociates and the receptor is imported back into the nucleus

However, "the actual mechanism by which the pore complex mediates RNA export
remains unclear". From their recent results, Schmidt-Zachmann et al. (1993) rather

favor the (a) proposal, declaring that "a protein does not require positively acting export
signals to be transported from nucleus to cytoplasm".

The mediated transport of macromolecules across the NPC could be considered as

a vectorial process using certain signals specifying transport in a cytoplasm to nuclear

direction, and others in a nuclear to cytoplasmic direction (Gerace. 1992). In this

respect, advances in understanding the structure of the NPC are starting to provide
further information on the export of RNA from the nucleus to the cytoplasm (Forbes,

1992) In plants where nuclear targeting also occurs (Raikehl. 1992), NPC contains the

major sites of bidirectional protein and nucleic acid traffic. Individual NPCs are known

to carry out both import of protein (ribosomal proteins, etc.) and export of RNA.
Nuclear protein import is a selective process (Silver, 1991). Certain proteins destined to

the nucleus contain active nuclear localization sequences. The study of the nuclear

signal sequence receptor(s) should further contribute to understand the initial steps in

protein import (Forbes, 1992).
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A specific premessenger ribonucleoprotein particle is translocated through the

nuclear pore in the salivary glands ot the dipteran Chiionomus tentans Its study with
electron microscope tomography (Mehlin et al, 1992) has led to the suggestion that a

specific recognition of the RNP particle at the nuclear pore is involved in this highly
ordered - and polai ized - process

Proteins other than nbosomal ones probably have roles not only in maturation and

packaging, but in the transport of nbosomal particles even though "how they
accomplish this is not clear" (Reeder, 1990) One such proteins is nucleohn which binds
to nucleic acids in general and appears to shuttle between the nucleus and cytoplasm
(Borer et al, 1989), and is a substrate for the mitotic cdc2 kinase (Peter et al., 1990)
Another abundant nucleolar 38 Kd protein (N038, B23, numatrin, nucleophosmin) has

been implicated in packaging and transport of preribosomal particles (Busch, 1984,
Jordan, 1987: Schmidt-Zachmann et al. 1987, Borer et al, 1989) and also proposed to
have a role in the transport of ribosomes (Reeder, 1990) Fibrillarin is also a major
protein (36 Kd), conserved from yeasts to man, present in the dense fibrillar region ot
nucleoli (Tollervey & Hurt, 1990), and from which depends pre-rRNA processing
among major postranscriptional activities (Tollervey et al, 1993).

In spite of all the above chemo-descriptive progresses, the actual mechanisms by
which the pore complex mediates RNA export remain unclear A shuttling of pre-
mRNA binding proteins could also intervene between nucleus and cytoplasm as

proposed by Pinol-Roma & Dreyfuss (1992) On such intracellular pathway, several
nucleolar proteins have been found to be shuttled between the nucleus and the

cytoplasm These proteins have been referred as shuttling proteins because they migrate
constantly back and forth between nucleus and cytoplasm (Laskey & Dingwall, 1993).

Among them, nucleohn might not only function within the nucleus but might also be

involved in the translocation of nbosomal components across the nuclear envelope
(Borer et al., 1989) A stable retention of proteins in cultured cell nuclei contrasts with
the shuttling behavior of protein kinase or fragments of nucleohn (Laskey & Dingwall,
1993) The transport of RNAs from the nucleus to the cytoplasm is an obligatory step in

gene expression and may also be a target for regulation (Zapp, 1992) Small nuclear

ribonucleoproteins (snRNPs) have been shown to be associated with actin in the nuclear

matrix, suggesting that both actin and snRNPs may be involved in the processing and

transport of transcripts (Sahlas et al, 1993) Prominent actin aggregates have frequently
been associated with the nucleolar periphery (Milankov & De Bom, 1993)

The role of microfilaments and thus presumably actin suggest that some type ot
interactions occurs between the intracellular compartments, from the nucleus to the

peripheral cell membranes involving protein kinase C-sensitive reversible cross-bridges
between actin cytoskeleton and the plasma membrane (Aderem, 1992) Interactions
indeed occur at the cytoskeleton-plasma membrane level (Luna & Hitt, 1992) and

progress has recently been done in identifying specific RNA sequences that target
developmentally important messages to cytoplasmic locations It has been reported that

large mRNP complexes are transported to the cytoplasm in a polar manner starting with



II NUC1 EOCENTRIC ORIGIN OF INTRINSIC CELL POLARITY 249

the 5' and finishing with the 3' end (Daneholt cited by Nigg et at, 1991) This would

suggest a signaling role of the mRNA's 5'm7G cap

D Final overview

It is now known that specific mRNAs are concentrated in localized regions of the

cytoplasm and this has led to an interest in the cytoskeleton as examphfied by a possible
association of actin mRNAs with actin filaments There would thus be a stringent
requirement of microfilaments in polar sorting of actin messenger RNA (Sundell &
Singer, 1991) which might exit the nucleus in an asymmetric manner thereby intra-
cellularly positioning genes for apical versus basal proteins (Singer, 1992). The question
remains "how does a cell know where to send the messenger RNA" as asked by Fulton
(1993) who suspects that the mRNA itself contains information to direct it to the proper
cytoskeletal address

As for the nucleofugal polarization of the cell, its "know-how" could be insured by a

vet tonal process initiated by the polarized transcription of RNAs in the nucleolus

organizer region within the confines of the fibrillar zone and continued into the surrounding

granular component of the nucleolus (Scheer & Benavente, 1990, see A). This
vectorial process would require tracks of fibronectin fibers and actin filament bundles known
to be oriented along the long axis of the cell (immunofluorescent micrographs by Hynes
& Destree, 1978, in Alberts et at., 1983) Of further relevance, fibronectin RNA
frequently accumulates in elongated tracks localized to the nuclear interior while extending
well beyond the site of transcription (Xing et al., 1993) and actin has been detected not

only in the nucleus and the cytoplasm of animal cells (ref in Milankov & De Bom, 1993)

but also in the fungus Neurospoia aassa (Barja et al., 1993; Tunan & Barja, 1995).

This whole nucleofugally polarized process can then tentatively be illustrated with
the remnants of the RNA dense spots of heat-treated conidial cells polarly exported
when such cells are rescued at normal temperature (Fig. la). If such polar export of the

RNA - presumably as prenbosomal units - follows the vectorial route "fibrillar —>

granular zone of the nucleolus" could authorize a guess as for the localization of the

ribosome-rich site of fungal germ tube outgrowth (Fig. lb).
By the same token, nuclear actin might be considered as the mediator of such

monoaxial intracellular continuity from the polarized nucleolus, through the nuclear

matrix, toward proximate nuclear pores to reach cytoskeletal tracks leading to the cellular
border There, the internal driving force would first initiate the actin-nch conidial bump
(Barja et al., 1993) and then the elongating germ tube, with the parallel coucour of
stringently required intact microtubules (Caesar-Ton That et al., 1988) according to a scheme

also proposed for germinating cells of Candida albicans by Tanaka's group (Akashi et al.,
1994) and sporangiospores of Mutoi rouxn by Hasek and Bartnicki-Garcia (1994).

We are grateful to Dr T C Caesar-Ton That for authorization to reproduce the two electron
micrographs from her thesis (Universite de Geneve. 1978) and to Ariane Fehr for typing the

manuscript
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Fig. I

Electron micrographs of ultrathin-sectioned comdial cells of Neuiospoia ciassa. a) Incubated in
Vogel s medium for 10 h at 46°C. then shifted-down to 25°C for 2 h preribosomal remnants (small
arrows) of RNA dense spots polarly oriented (larger arrows) toward the nuclear (N) membrane, b)
Primarily axiated after 4 h shift-down, premitotic stage of one nucleus N. duplicated spindle pole
body s, first spindle microtubules m): nucleolus still complete, with its fibrillar part followed by the

granular (g) zone polarly oriented toward the presumed site of germ tube outgrowth (large arrow).
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