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Abstract During gene expression, multiple regulatory
steps make sure that alterations of chromatin structure are
synchronized with RNA synthesis, co-transcriptional
assembly of ribonucleoprotein complexes, transport to the
cytoplasm and localized translation. These events are con-
trolled by large multiprotein complexes commonly referred
to as molecular machines, which are specialized and at the
same time display a highly dynamic protein composition.
The crosstalk between these molecular machines is essen-
tial for efficient RNA biogenesis. Actin has been recently
proposed to be an important factor throughout the entire
RNA biogenesis pathway as a component of chromatin
remodeling complexes, associated with all eukaryotic RNA
polymerases as well as precursor and mature ribonucleo-
protein complexes. The aim of this review is to present
evidence on the involvement of actin and actin-associated
proteins in RNA biogenesis and propose integrative models
supporting the view that actin facilitates coordination of the
different steps in gene expression.

Keywords Actin - Myosin - Motors - Transcription -
RNP - RNA transport - RNA localization

Introduction

In eukaryotic cells, RNA biogenesis is regulated at multiple
levels from the gene to polysomes. The mechanisms that
govern transcriptional control, RNA processing and
nuclear export are integrated and influenced by the
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interplay between nuclear architecture, genome organiza-
tion and gene expression, whereas in the cytoplasm mRNA
transport and localization are important pre-requisites for
efficient mRNA translation. In either case, a continuous
RNA flow is maintained by multiprotein complexes that
are often defined as molecular machines that undergo
modifications and systematically exchange protein subunits
through regulated protein—protein interactions [1].

Alterations of chromatin structure and dynamics affect
gene expression in several ways. For instance transcription
factories, distinct sub-nuclear foci where nascent tran-
scription is likely to occur, depend on the establishment of
intra- and inter-chromosomal connections between geno-
mic regions with important roles in genome function [2, 3].
At the gene level, DNA accessibility for efficient replica-
tion, repair and gene transcription requires alterations of
chromatin structure [4], which otherwise represents con-
siderable hindrance for all of the above processes. For
instance, in gene transcription chromatin structure altera-
tions must be coordinated and synchronized with the
transcription apparatus. Therefore, the dynamics of chro-
matin structure are tightly regulated through numerous
mechanisms that include histone modification, chromatin
remodeling, histone variant incorporation and histone
eviction [5]. These mechanisms are modulated by co-
transcriptional recruitment of co-activators and repressors
necessary for all eukaryotic RNA polymerases in order to
initiate, maintain and terminate RNA synthesis.

There is also a requirement for chromatin modification
during co-transcriptional processing of nascent mRNA, and
remodeling events occur to enhance the interplay between
the polymerase machinery and the spliceosome [6, 7].
There is evidence that the human SWI/SNF subunit Brm is
a splicing regulator [8], whereas in situ evidence for
the interplay between the transcription apparatus and
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splicesome comes from an early study performed in the
Balbiani ring (BR) genes from the dipteran Chironomus
tentans [9]. Even though the spliceosome was not revealed
to be a structurally well-defined unit, it could be localized
in close proximity of the C-terminal domain (CTD) of the
elongating RNA polymerase II [9]. Consistent with the
dynamic nature of these co-transcriptional events, splice-
osomal factors continuously associate and disassociate
from nascent transcripts and splicing complexes during
transcription elongation by RNA polymerase II, a dynamic
coupling that is also important for regulation of alternative
splicing [10].

During mRNA biogenesis, transcription is intimately
coupled to co-transcriptional formation of messenger ribo-
nucleoprotein particles (mRNP) and their preparation for
nuclear export [11-13]. The steps leading to RNP assembly
require molecular machines that display different degrees of
complexity and dimensions. Capping in the 5" end of nas-
cent precursor (pre)-mRNA requires three enzymes;
splicing requires the spliceosome comprising more than 100
proteins, whereas cleavage and polyadenylation involve
between five and ten proteins. All these molecular machines
interact closely with the transcription apparatus and also, to
some extent, with each other [14—17]. This interplay allows
a sophisticated control of the formation of mature mRNP
complexes at the chromosomal level and also after release
in the nucleoplasm. Emerging evidence suggests that this
complex co-transcriptional regulation occurs also in rRNA
biogenesis where a large set of non-ribosomal proteins is
known to be required (see [18] and references therein). In
either case, once the RNA transcripts are exported to the
cytoplasm, they are left with the option of undergoing
translation or being assembled into larger granules, which
are subsequently transported to the cell periphery for
translation [19]. The myelin basic protein (MBP) mRNA is
probably one of the best characterized examples of trans-
ported RNPs. In oligodendrocytes, at the exit of the nuclear
pore complex, the MBP mRNP is assembled into larger
granules with a calculated diameter of about 400 nm. MBP
mRNA granules are actively transported through oligo-
dendrocyte processes towards the peripheral myelin
compartment where the MBP mRNA is translated. Cyto-
plasmic RNA trafficking is, however, a general mechanism.
It occurs in highly differentiated as well as cultured cells; it
is important during the different steps of embryogenesis and
controls gene expression and cellular function by providing
asymmetric mRNA and protein distribution [19].

Multiple roles for actin in RNA biogenesis

Based on the above scenario, mRNA biogenesis requires a
large set of cellular transacting factors that dynamically

assemble and disassemble, making sure that during gene
expression RNA synthesis and processing, nuclear export,
cytoplasmic localization and translation are all synchro-
nized and occur flawlessly. However, while many of the
core components of the molecular machines implicated in
transcriptional and post-transcriptional control of RNA
biogenesis have been identified, the mechanisms coordi-
nating chromatin structure modifications, transcription,
RNP assembly and maturation with transport remain
unclear.

Recent evidence has helped identify an important niche
for actin and actin-associated proteins in modulating the
crosstalk between individual phases throughout the entire
RNA biogenesis pathway. In addition the extensive cata-
logue of nuclear actin-associated proteins involved at
different levels during gene expression has contributed to
placing actin under the spotlight in the biology of the cell
nucleus (see Table 1). Actin has been localized to spe-
cialized subnuclear compartments, such as nucleoli and
splicing speckles [20, 21]. Actin has also been implicated
in chromosome movement [22, 23], in chromatin structure
regulation [24], transcription [20, 25-29], RNP assembly
and maturation [30, 31] as well as in the control of mac-
romolecular transport [33, reviewed in 33, 34] (see Fig. 1).
Moreover, the presence of many actin-associated proteins
that are known to control actin polymerization and their
involvement in nuclear function also suggest that the
multiple roles of actin in gene expression may be modu-
lated by changes in its polymerization state (see Table 1).

Here, evidence from this rapidly growing area of
research is reviewed. These discoveries emphasize the key
involvement of actin and actin-associated proteins in RNA
biogenesis at both transcriptional and post-transcriptional
levels and suggest new mechanistic models to integrate the
different phases of gene expression.

Actin on the gene for transcription control

Early reports provided circumstantial evidence suggesting
the involvement of actin in gene transcription [35, 36].
Later on, the interest in this field was considerably stimu-
lated by the discovery that actin is also present in certain
ATP-dependent chromatin remodeling complexes [24].
However, direct evidence for a role in RNA biogenesis
and, more specifically, in gene transcription came from
experiments demonstrating that actin is a genuine compo-
nent of pre-mRNP/mRNP particles and it is physically
associated with all three eukaryotic RNA polymerases [20,
25-31, 37, 38].

In the case of RNA polymerase I, actin was found
associated with both inactive and active enzyme, suggest-
ing a dual function for actin in polymerase assembly at
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Table 1 Nuclear actin-binding proteins

Table 1 continued

Actin-associated Organism References Actin-associated Organism References
proteins proteins
Direct actin-binding in chromatin-modifying complexes CapG Mammals De Corte et al., [111]
Helicase-SANT- Saccharomyces  Szerlong et al. [124] Renz and Langowski
associated (HSA) cerevisiae [112]
domain Myosin species
Transcription Nuclear myosin 1 Mammals Pestic-Dragovich et al.
RNA polymerase 1 Mammals Fomproix and (NM1) [45]
Percipalle [20] Myosin VI Mammals Vreugde et al. [47]
L;;g:itgzubumt Philimonenko et al. [28] Myosin 16b Mammals Cameron et al. [48]
Myosin Va Mammals Pranchevicius et al. [49]
RNA polymerase 11 Mammals Hofmann et al. [26] .
T Nuclear envelope proteins
Pre-initiation complex Kukalev et al. [29] Emeri M 1 Holaska et al. [87]
merin ammals olaska et al.
Phosphorylated RNA . .
polymerase 11 Spectrin fepeat proteins
RNA polymerase 1T Mammals Hu et al. [27] o-Spectrin 11 Mammals McMabhon et al. [126]
McMahon et al. [127]
RPC3
RPABC2 Sridharan et al. [128]
RPABC3 p-Spectrin 11 Mammals Tang et al. [129]
MAL Mammals Vartiainen et al. [118] p-Spectrin IVZ Mammals Tse et al. [130]
RNA biogenesis Syne/nesprin Mammals Mislow et al. [131]
hrp36 Chironomus Percipalle et al. [30] Apel et al. [132]
tentans Zhen et al. [133]
hrp65-2 Chironomus Percipalle et al. [25] Padmakumar et al.
tentans [134]
hnRNP A/B CBF-A Mammals Percipalle et al. [31] Bpag Mammals Young et al. [135]
hnRNP U Mammals Kukalev et al. [29] MAKAP Mammals Kapiloff et al. [136]
p50 Mammals Ruzanov et al. [80] Kapiloff et al. [137]
RNA processing
RNA helicase 1T Mammals Zhang et al. [93 . .. .
7 g Cal [94} promoter and also during transcription activation [20, 28].
E ; ang et ak A similar scenario was depicted for RNA polymerase II
t fact . e
gpor _aCGOrS M | st - where actin was found as component of the pre-initiation
. Xp(_)rtlbn_d_ ) ammals tiven et al. [127] complex and associated with the hyperphosphorylated
-actin _ l_mg proteins ) CTD of the elongating polymerase [26, 29, 39]. Again,
Supervillin Mammals Pe;ﬁrg]a masp et al. these observations pointed towards multiple roles for actin
Wulfkuhle et al. [114] in RNA polymerase II transcription, in transcription initi-
N-WASP Mammals Wu et al. [11 5]' ation as well as elongation of pre-mRNA molecules
ARPY/3 M | Yoo et 1 [116] [26, 29, 39]. In the case of RNA polymerase III, the
ammals 00 et al. . . .
Formi M | ch d Leder [117] molecular interactions between actin and several of the
ormin ammals an an eder . . .
o ) polymerase subunits were also dissected [27]. f-actin was
G-actin-binding proteins . . .
Profili iy | sk Lo found to associate directly with RPC3 (RPC62), RPABC2
. N Lo et T2 (RPB6) and RPABC3 (RPBS). suggesting that f-actin
onim ) ammas endleton et al. [103] interacts very tightly with the RNA polymerase III com-
B _thyn.losm Mammals ) Huff et al. [104] plex, probably through direct protein—protein interactions
G‘?ISOIm Xenopus _ laevis— Ankenbauer et al. [105]  (oith one or more subunits at the same time. Remarkably,
Flightless Drosophila Davy et al. [106] both subunits RPABC2 and RPABC3 are common to all
_ Seward et al. [107] three RNA polymerases (for a review see [40]). Further
Mb}il §§6\11§11£1r;-11ke and Mammals P rfErllgggast and Ziff biochemical and structural information is still required;
clsolin-11ke . .
Df\l ; M | Peitsch o al. [109] however, these findings suggested that actin has a con-
ase ammass ertseh et ak served and general mode of binding to all eukaryotic RNA
gCap39 Mammals Onoda et al. [110]

polymerases, even though specific differences must be
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Fig. 1 The above diagram summarizes the involvement of actin in
nuclear function. Actin has been shown to be a component of
chromatin remodeling complexes, to be associated with eukaryotic
RNA polymerases and to be incorporated in RNP complexes.
Evidence of active nucleocytoplasmic transport also suggests a
functional crosstalk between nuclear and cytoplasmic actin

taken into consideration. For instance, one of the striking
differences is that binding to the elongating RNA poly-
merase Il occurs via its characteristic hyperphosphorylated
CTD [39], whereas it is not yet known how actin interacts
with elongating RNA polymerases I and III.

If actin is associated with all eukaryotic RNA poly-
merases, actin is also likely to be located at gene
promoter. Chromatin immunoprecipitation experiments
indeed confirmed the presence of actin at rDNA promoter,
promoters of inducible and constitutively expressed RNA
polymerase II genes, as well as its association with the
promoter of the RNA polymerase III U6 snRNA gene [26,
27, 39]. What is then the role of actin at the gene pro-
moter? The present data suggest that actin could well
modulate assembly of transcription competent RNA
polymerases. This view is consistent with the presence of
actin in the pre-initiation complex, with its association
with inactive as well as active RNA polymerase 1 and,
finally, with the observation that actin is necessary to start
transcription of the U6 snRNA gene in reconstitution
experiments [26-28]. The follow-up question is how does
actin mediate polymerase assembly at the promoter? Is
this function independent from the observation that actin
is also in chromatin remodeling complexes? At the
moment these questions remain formally unanswered. For
instance, we do not know whether or not actin interacts

with general transcription factors. However, chromatin
structure modifications are required for transcription ini-
tiation, and they must synergize with the transcription
apparatus (reviewed in [34]). Therefore, one interesting
possibility is that actin performs a chaperone function in
the molecular interplay between RNA polymerase and the
machines involved in chromatin reorganization at the
gene promoter to facilitate the establishment of tran-
scription-competent RNA polymerases [34].

Chromatin immunoprecipitation experiments uncovered
evidence that actin is also present at the coding region of
constitutively active genes, coupled to elongating RNA
polymerases I and II [28, 39]. The general requirement for
actin in elongation of pre-mRNA transcripts was proven in
insects and mammals [25, 29, 39, 41]. In human cells, the
interaction between actin and the heterogeneous nuclear
ribonucleoprotein (hnRNP) hnRNP U proved to be essen-
tial for RNA polymerase II-mediated transcription
elongation [29]. In a recent mechanistic study, the actin—
hnRNP U complex was further shown to be necessary for
recruitment to active genes of transcription co-activators,
such as the histone acetyl transferase (HAT) PCAF [39], an
important requirement to lower the nucleosome barrier
imposed by densely packed chromatin and efficiently
elongate pre-mRNA molecules. In fact, the actin~-hnRNP U
interaction is strictly required during the transcription
elongation phase when actin, hnRNP U and PCAF are
closely associated with the hyperphosphorylated CTD of
the RNA polymerase II. Furthermore, even though actin
and hnRNP U are present at gene promoter associated with
the RNA polymerase II machinery, they interact only along
the gene coding region [39]. This may be a direct conse-
quence of CTD phosphorylation and partly driven by
nascent pre-mRNA. However, post-translational modifica-
tions on either actin or hnRNP U (or both) may also be
required to stabilize a functional actin~hnRNP U complex
(see Fig. 2). These findings also came in support of a
general model that was proposed earlier on in which actin
in complex with certain hnRNPs functions as a molecular
platform to facilitate recruitment of transcriptional co-
activators (and perhaps repressors), enhancing the proces-
sivity of the RNA polymerase II enzyme [37]. Since similar
results were obtained in mammals as well as insects, the
actin—hnRNP-mediated regulation of transcription elonga-
tion is likely to be a rather conserved and general
mechanism [34, 41]. The specific phosphorylation of Ser2
within the RNA polymerase II CTD heptapeptide repeats is
a hallmark for transcription termination. Given that CTD
binding by actin, hnRNP U and PCAF is dependent on Ser2
phosphorylation [38], the actin—hnRNP U complex may be
implicated not only in the elongation of nascent pre-
mRNA, but also in controlling transcription termination.
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Fig. 2 Actin accompanies mRNA transcripts from gene to poly-
somes. Actin cooperates with hnRNP U during the elongation of
nascent pre-mRNA transcripts for recruitment of the HAT PCAF to
active genes. Actin is further incorporated in pre-mRNPs/mRNPs in
transit to the nuclear pore complex. Finally, there is evidence that

Nuclear myosin species in RNA biogenesis

Actin and myosin consort as molecular motors in many
cytoplasmic-based cellular functions. Therefore, the dis-
covery that several myosin species are also present in the
cell nucleus began to tickle people’s imaginations. If actin
and myosin are both present in the cell nucleus, they may
contribute to nuclear function as components of nuclear-
based molecular motors in RNA biogenesis and even
contribute to nuclear architecture. These ideas shed new
lights on the biology of the cell nucleus and attracted a lot
of interest, which significantly contributed to the devel-
opment of this field over the past few years.

Evidence that myosin species are present in the cell
nucleus dates back to early reports published in the 1970s
(reviewed in [34]). Myosin, together with actin and tubulin,
was found as the main non-histone component attached to
chromatin, and it was therefore suggested that they could
cooperate for chromosome condensation [42]. Actin and
myosin were also proposed to be control elements in nu-
cleocytoplasmic transport [43]. However, evidence that a
specific form of myosin localized to the cell nucleus came
from immune electron microscopy studies in mouse 3T3
cells where a general antibody to adrenal myosin 1 stained
nucleoplasmic structures as well as nucleoli [44]. More
recently, it has been demonstrated that there is a specific
form of myosin 1 (NM1) that is localized to the cell
nucleus [45]. It turns out that NM1 is an alternatively
spliced variant of myosin 1 and exhibits a unique and
conserved N-terminal epitope that seems to be responsible
for its nuclear location [45, 46]. In the last few years, other
myosin species were also identified in the cell nucleus.
Myosin VI, the only member of the myosin superfamily
that is known to move towards the minus end of actin

Nucleus

mANA localization
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mRANA export
& Actin cytoskeleton
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actin follows mRNPs to the cytoplasm and may be required for
mRNA export. However, at this stage there is no direct evidence that
the actin-associated RNP is involved in mRNA localization on the
actin cytoskeleton

filaments, was found to be required for RNA polymerase II
transcription [34, 47]. On the other hand, myosin 16b and
myosin Va were found to accumulate in splicing speckles
in transcriptionally active cells [48, 49]. While overex-
pression of myosin 16b was found to affect DNA
replication by inhibiting transition into S-phase, myosin
Va relocalized to nucleoli upon transcription inhibition
[48, 49].

Among the nuclear forms of myosin identified so far, the
role of NM1 in nuclear function is the best characterized.
NMI1 has been shown to be directly involved in gene
transcription (reviewed in [34]). In transcription of protein
coding genes, there is in vitro evidence for a potential role
of NM1 in the formation of the first phosphodiester bond
[45, 50]. For rRNA genes, mechanistic clues came from the
discovery that NM1 is a component of the chromatin
remodeling complex B-WICH, required for RNA poly-
merase | transcription activation and maintenance [51].
Chromatin immunoprecipitation experiments demonstrated
that NM1, similarly to actin, is located at both promoter
and coding regions of rRNA genes. Since the actin-NM1
interaction and myosin-based motor activity are required
for RNA polymerase I transcription [20, 52], NM1 was
suggested to cooperate with actin as a molecular motor or
rather as a component of fast and dynamic molecular
switches for recruitment of RNA polymerase I co-activa-
tors to TRNA genes [53]. Since NM1 and WSTF are
exclusively implicated in the post-initiation phases of
transcription [51], the actin-NMI1 interaction probably
coordinates recruitment of co-activators to active rRNA
genes for efficient pre-rRNA elongation (see Fig. 3)
(reviewed in [34]). The recent observation that actin and
NMI are associated with transcribed as well as non-tran-
scribed tDNA sequences further suggests an actin-NM|1
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Fig. 3 The role of actin and NM1 in rRNA biogenesis. a Schematic
representation of the “molecular switch” model where the dynamic
actin-NM1 interaction has been recently proposed to mediate
recruitment of the chromatin remodeling B-WICH to active rRNA
genes for efficient pre-rRNA elongation [20, 51, 53]. b Emerging
evidence suggests that the B-WICH complex is added to nascent pre-
rRNP complexes to facilitate rRNA remodeling [81]

synergy not only during the transcription process, but also
in the establishment or maintenance of heterochromatin
[52].

Are the above mechanisms conserved in pol II tran-
scription? At this stage, it is still an open question.
However, one might envisage that multiple factors coop-
erate with actin throughout the elongation phase of pre-
mRNA transcripts, and while the interaction between actin
and the tripartite ATP-binding hnRNP U molecule is
required during elongation, it is tempting to speculate that
actin and NM1 may synergize as molecular motors, for
instance at different stages of the transcription process.

Actin in pre-mRNP and mRNP particles

Evidence that actin is incorporated in nascent pre-mRNPs
and remains associated with mature mRNPs released in the
nucleoplasmic milieu came from studies performed in the
dipteran insect C. fentans [30].

At the larval stage, C. tentans has large salivary glands
with characteristic saddle-shaped cells arranged as mono-
layers. These cells contain four polytene chromosomes that
can be easily isolated by microdissection techniques and
used to perform in situ studies. Chromosome IV is of
special interest because it exhibits three exceptionally large
transcription sites, the BR genes, which display high
transcriptional rates. These genes encode large salivary

polypeptides that are secreted by the larvae in order to
build their pupa and move on to the next developmental
stage. Because of the exceptional size of the BR genes and
the corresponding RNA transcripts generated, one can use
immunoelectron microscopy on ultrathin sections of sali-
vary glands or isolated chromosomes to visualize nascent
BR pre-mRNA decorating the active transcription unit.
Using ultrathin salivary gland sections, it is also possible to
visualize mature BR mRNPs released in the nucleoplasm,
those particles which are being exported through nuclear
pores and the unwound RNA engaged in protein synthesis
(reviewed in [54]). Several hnRNPs, splicing factors, RNA
helicases and transport mediators have been identified as
components of the BR RNPs, being added to nascent par-
ticles at different stages of the maturation process [55, 56].
These studies are rather important because they support the
view that the fate of newly synthesized RNA is pre-
determined already in the cell nucleus during assembly into
RNP particles.

To test whether actin is added to the nascent RNA
transcript, a polyclonal antibody was raised against a
complex of actin with the monomeric G-actin-binding
protein cofilin. The resulting serum against the cofilactin
complex was affinity purified against actin [30]. This
antibody homogeneously labeled transcription sites on
isolated polytene chromosomes in an RNA-dependent
manner, providing evidence that actin associates with
nascent pre-mRNA. In addition, immunoelectron micros-
copy on ultrathin sections of C. fentans salivary glands
using the same anti-actin antibody provided for the first
time in situ evidence that actin associates not only with the
BR pre-mRNA in status nascente, but it also becomes
incorporated in nucleoplasmic BR mRNP particles [30].
These results were further corroborated by the discovery
that actin is also present in the mammalian 40S pre-mRNP/
mRNP fraction [31], altogether supporting the possibility
that actin accompanies the mRNA through the entire RNA
biogenesis pathway, from gene to polysomes (see Fig. 2 for
a schematic representation). So far, there is no evidence
that actin binds to the RNA directly, and therefore, if actin
is assembled in RNP particles it is likely to interact with
hnRNPs. In fact, a subset of actin-associated hnRNPs was
recently identified both in C. fentans and in mammalian
RNP particles [30, 31].

Immediately upon transcription, pre-messenger RNA
molecules become associated with hnRNPs to form RNP
complexes. These proteins and the message they carry have
been extensively characterized [57, 58], and they are
known to be involved in many aspects of RNA biogenesis.
In human, for example, there are about 30 major compo-
nents and a large number of minor ones [59]. For instance,
they have been involved in splicing and 3’-end processing
as well as nuclear RNA retention [60]. In addition a
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considerable subset of hnRNP proteins is known to
undergo nucleocytoplasmic shuttling, hnRNP A1l probably
being the best characterized example [61]. Because of
these shuttling properties, it was proposed that hnRNP
proteins mediate RNA transport, a view that was further
substantiated by the discovery that the C. tentans hnRNP
Al-like protein hrp36 travels with the RNA through the
nuclear pore [62]. Subsequently, nuclear export signals,
M9 in hnRNP A1 [63] and KNS in hnRNP K [64], were
discovered, but it is not known whether these proteins bind
directly to the nuclear pore complex or via a soluble
receptor [65]. Furthermore, hnRNP proteins were also
found to influence RNA stability, cytoplasmic localization
and mRNA translation [66]. hnRNP C and hnRNP D affect
mRNA stability by direct association with AU-rich ele-
ments [67-69], indicating an involvement of hnRNPs in
mRNA turnover. For RNA targeting and localization to
specific cytoplasmic locations, the Drosophila melano-
gaster hnRNP Al-like Squid protein (hrp40) governs the
specific localization of the grk mRNA to the dorsoanterior
corner of the oocyte during mid-oogenesis [70-72]. The
Squid protein binds to the transcript in the cell nucleus
prior to RNA transfer into the cytoplasm and is also
essential for the localization of pair-rule segmentation gene
transcripts to the apical cytoplasm in Drosophila blasto-
derm embryos [73]. In mammals, hnRNP A2 and the CArG
box-binding factor CBF-A binds the MBP mRNA traf-
ficking sequences (RTS), and they are required for
cytoplasmic MBP mRNA transport to the distal ends of
oligodendrocytes processes [74-76].

Altogether the above observations indicate that hnRNPs
are essential transacting factors for efficient RNA biogen-
esis. It was therefore a significant discovery when a
proteomic study performed on the 40S pre-mRNP/mRNP
fraction isolated from rat liver extracts and subjected to
DNase I affinity chromatography demonstrated that actin
associates with the shuttling A/B-type hnRNP proteins
hnRNP A2/B1, hnRNP A3, CBF-A as well as hnRNP U
[29, 31]. Given the importance of hnRNPs in gene
expression, these findings suggested multiple key roles for
actin through the RNA biogenesis pathway, both in the
nucleus and in the cytoplasm. As discussed earlier, actin
and hnRNP U interact to promote recruitment of the HAT
PCAF to active genes [39]. hnRNP U is a general com-
ponent of nuclear RNP particles, and it is one of those
hnRNPs that probably accompanies the mRNA all the way
to the cytoplasm, as it is also found in cytoplasmic RNP
granules isolated from adult mouse brain [77]. It is inter-
esting to find out that another actin-associated protein, the
HAT PCAF, is also associated with nuclear RNP com-
plexes [39] (see also Fig. 2). Similarly to actin and hnRNP
U, PCAF binds to nascent mRNA transcripts as revealed by
chromatin RNA immunoprecipitation experiments and

displays a nuclear distribution that is sensitive to RNase
treatment performed on living cells [39], suggesting that
actin, hnRNP U and PCAF are integrated in the same pre-
mRNP and mRNP particles. These considerations empha-
size that both RNA-binding proteins and non-RNA-binding
proteins associate with actin for RNP assembly and pack-
aging. The role of the RNP-associated PCAF is still
unclear, but it may be important to modulate the interaction
of actin with hnRNP U or other RNP components through
its acetylation activity [31].

Throughout the gene expression pathway, actin is not
only involved in transcription, RNP assembly and trans-
port. There is also evidence that an intact cytoskeleton is
required for cytoplasmic mRNA localization and transla-
tion [78, 79]. The direct interaction between actin and
CBF-A observed both in the nucleus and cytoplasm goes
along these lines since it could be important to control
cytoplasmic events during RNA biogenesis. Based on the
role of the shuttling hnRNP CBF-A in cytoplasmic mRNA
transport and localization [76], actin and CBF-A may
cooperate to control assembly of the RNA into large
transported granules as well as trafficking and localization
(see Fig. 2). These ideas remain to be proven, but the
potential involvement of actin in these processes together
with hnRNP proteins was partly suggested by the discovery
that the general RNA-binding protein pS0—which is added
co-transcriptionally to nascent RNP particles and associ-
ates with the translational apparatus—interacts with
polymeric F-actin in the cytoplasm [80].

In summary, the present data indicate that specific actin—
hnRNP interactions are co-transcriptionally established,
and they are important at multiple levels during RNA
biogenesis from gene to polysomes. These interactions may
be regulated by non-RNA-binding proteins integrated in
the same pre-mRNP and mRNP complexes.

Nuclear myosin 1 in ribosomal ribonucleoprotein
complexes

The presence of NM1 in ribosomal RNP complexes is also
an emerging and rather attractive possibility. As mentioned
earlier, chromatin immunoprecipitation assays and in vitro
transcription experiments demonstrated that NM1 is pres-
ent on the rRNA gene coding region, and it is required for
pol I transcription elongation [28, 52]. In addition there is
evidence that the intranuclear distribution of NM1 is sen-
sitive to RNase treatment [20] and that the B-WICH
complex contains precursor rRNA [51, 81]. These results
altogether suggest that a considerable fraction of NM1 may
be co-transcriptionally added to nascent pre-rRNA parti-
cles, remaining associated with nucleoplasmic rRNP
complexes presumably with other core components of
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B-WICH. Similar considerations may be extended to
mRNPs since NM1 and actin were also co-localized very
close to active nucleoplasmic transcription sites by immune
electron microscopy [82], but at this stage there is no
evidence that NM1 associates with pre-mRNA molecules.

Transcription of rRNA genes occurs in nucleoli. The
newly synthesized precursor RNA is modified and cleaved
in the external transcribed spacer (ETS) and internal
transcribed spacer (ITS) sequences to obtain mature 18S,
5.8S and 28S rRNA. These transcripts are subsequently
assembled into pre-ribosomal subunits. For many years
transcription of rRNA genes and processing of the pre-
cursor molecule were considered to take place separately.
However, these two steps in gene expression could occur
concomitantly and, above all, be co-regulated. Studies in
the yeast Saccharomyces cerevisiae indicated that rDNA
transcription requires a subset of components of the
pre-TRNA processing machinery (see [18] and references
therein), further supporting the view that pre-rRNA
processing and RNA polymerase I transcription are coor-
dinated events. A large proportion of cellular metabolism is
dedicated to ribosome biogenesis and therefore, similarly
to yeast, it is likely that co-transcriptional processing of
pre-rRNA takes place also in mammals where coordination
of transcription and processing may be facilitated by the
large set of non-ribosomal proteins involved throughout the
rRNA biogenesis pathway.

NM1 may contribute to the delicate task depicted above
since it associates with active rRNA genes, it is required
for RNA polymerase I transcription and interacts with 45S
pre-rRNA as a core component of the B-WICH complex.
One interesting possibility is that NM1 acts as a link
between RNA polymerase I transcription and pre-rRNA
processing, for instance by mediating structural alterations
of nascent pre-rRNPs. Evidence in support of this attractive
and dynamic scenario comes not only from the association
of NM1 with the remodeling factors WSTF and SNF2h, but
also from the discovery that B-WICH contains the RNA
helicase II/GU« or DDX21 [81], a member of the DExD/H
box proteins, which is involved in both transcriptional
regulation and pre-rRNA processing [83]. In Xenopus la-
evis oocytes down-regulation of RNA helicase II/GUax was
found to inhibit processing of 20S rRNA to 18S rRNA and
also results in the depletion of 28S rRNA [84]. Similarly, in
mammals silencing of RNA helicase II/GU« inhibited
rRNA production [85]. During rRNA biogenesis, multiple
factors associate transiently with pre-rRNA, including
small nucleolar RNPs (snoRNPs) as well as a wide range of
non-ribosomal proteins that process and modify precursor
rRNA molecules (e.g., endo- and exonucleases, pseudou-
ridine synthases or methyltransferases), mediate RNP
folding/remodeling (RNA helicases, RNA chaperones) or
facilitate protein association/dissociation (GTPases, AAA-

ATPases). Since the RNA helicase II/GUx is also associ-
ated with the B-WICH complex, its essential role in rRNA
biogenesis may be modulated by NM1 through a mecha-
nism that facilitates loading of RNA helicases and
remodeling factors on pre-rRNA for efficient processing.

If the nucleoplasmic distribution of NM1 is sensitive to
RNase treatment and a fraction of NMI associates with
precursor rRNA [20, 81], one can also imagine that NM1
remains associated with mature 18S and 28S rRNA tran-
scripts during nucleolar assembly of pre-ribosomal subunits,
following them all the way to the nuclear envelope and
nuclear pore complex. This hypothesis was partly suggested
in a recent study performed at the ultrastructural level where
it was demonstrated that NM1 is indeed added to pre-ribo-
somal subunits that are in transit to the nuclear pores [86].
Consistently, NM1 was identified at the nuclear envelope
associated with emerin, a protein known to bind lamins and
to cap the pointed ends of actin filaments [87]. Early reports
also showed that certain myosin species are probably present
at the nuclear pore complex [88, 89], a possibility that is
suggested by initial evidence that RNA-associated NM1
localizes to the basket of the nuclear pore (own unpublished
data). Therefore, it is likely that NM1 is involved in post-
transcriptional events during rRNA biogenesis. In the yeast
S. cerevisiae, myosin-like proteins (Mlp) have already been
shown to establish a link between mRNA synthesis and
nuclear export [90, 91]. In higher vertebrates, NM1 is nec-
essary for RNA polymerase I transcription activation and
elongation [51], it associates with pre-rRNA [81], it is
incorporated in pre-ribosomal subunits [86], and it is present
at the nuclear envelope and presumably, at the nuclear pore
complex. Therefore, NM1 represents an ideal candidate to
link RNA polymerase I transcription, pre-rRNA processing
and export of pre-ribosomal subunits in mammals. NM1
may coordinate these different phases of rRNA biogenesis
by facilitating association and disassociation of pre-rRNA
processing and remodeling factors to obtain export-compe-
tent pre-ribosomal subunits, thus implementing quality
control mechanisms (see Fig. 3).

In the cytoplasm, specific mRNA transcripts are asym-
metrically distributed for cellular function. This property is
achieved by linking the RNA to molecular motors that
walk along the cytoskeleton. In S. cerevisiae RNA-motor
association requires an RNA-binding adaptor protein that
links a myosin motor to specific ribonucleoproteins, and,
more generally speaking, certain mRNAs are transported as
large granules along the cytoskeleton by the molecular
motors dynein, kinesin or myosin [92]. At this stage we do
not know whether in the cell nucleus NM1 binds directly to
rRNA transcripts or its association with the RNA is med-
iated by specific RNA-binding proteins. It is also unclear
whether NM1 cooperates with actin during pre-rRNA
processing and ribosomal subunit biogenesis. It is,
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Fig. 4 Proposed model for the involvement of NMI in post-
transcriptional control of rRNA biogenesis. After being incorporated
in nascent pre-rRNA complexes, NMI is likely to accompany the
rRNA transcripts through processing, assembly into pre-ribosomal
subunits and transport to the nuclear pore complex. Given its role in
RNA polymerase I transcription, it is possible that NMI1 links
transcription with processing and transport by implementing quality
control mechanisms for efficient rRNA biogenesis

however, intriguing that both actin and NM1 associate with
nuclear RNA helicases involved in rRNA processing [81,
93, 94], observations that suggest that actin and NM1 may
function together not only on the rRNA gene for RNA
polymerase I transcription, but also in the post-transcrip-
tional control of rRNA biogenesis.

The above scenarios require further analysis at the
molecular level. In either case, several observations pres-
ently suggest that NM1 accompanies rRNA from the gene
to nuclear pore complex (Fig. 4), with the potential to link
multiple phases of rRNA biogenesis.

Co-transcriptional assembly of actin and myosin into
ribonucleoprotein particles

The discoveries that actin is a component of mRNPs and
NMI1 associates with pre-TRNA suggest multiple regulatory
functions in post-transcriptional control of gene expression
are interesting [30, 31, 39, 81], but also raise numerous
questions. For instance, are actin and myosin implicated
in independent functions? Do they possibly function as
molecular motors or switches during maturation and
nucleoplasmic transport of mRNPs and rRNPs? Currently,
it is not known whether nuclear actin and myosin species
co-exist in the same RNPs. Second, there is no evidence in
support of synergistic actions of actin and myosin as
molecular motors for active nucleoplasmic RNP transport

to the nuclear pore complex. BrUTP labeling experiments
performed in combination with immune electron micros-
copy on ultrathin sections of C. tentans salivary gland cells
demonstrated that newly synthesized BR RNP particles are
distributed all over in the nucleoplasm, consistent with a
random type of movement in the interchromosomal space
[96]. Similarly, recent quantitative analysis performed in
living mammalian cells on a single mRNP particle showed
that the energetic requirements of nuclear mRNP traffick-
ing are consistent with a diffusional model [97]. Analogous
conclusions were obtained when studying larger particles,
such as ribosomal RNPs and pre-ribosomal subunits. It was
found out that pre-ribosomal subunits moving out from
nucleolus into the nucleoplasm were not transported along
directed paths. They displayed low mobility consistently
with random movement and anomalous diffusion [98].
Altogether these investigations speak against the possibil-
ity that actin and myosin consort as canonical molecular
motors to facilitate intranuclear trafficking of RNPs.

If actin and myosin are not implicated in active RNP
transport, can they really cooperate to control RNA bio-
genesis at the post-transcriptional level? Considering that
the nucleoplasmic localization of actin is heavily sensitive
to RNase treatment [39], one should not exclude the pos-
sibility that actin is also added to pre-ribosomal subunits.
Should this be the case, actin and NM1 may functionally
consort in the multiple maturation stages of pre-ribosomal
subunits in transit to the nuclear pore when there is a
continuous requirement to mediate association and disas-
sociation of factors involved in rRNA processing and
remodeling. Actin is also present in pore-linked filaments
that project inward from the basket of the nuclear pore well
into the nucleoplasm and have been seen to crosslink
adjacent nuclear pore complexes from the nucleoplasmic
side [95]. The dynamic interaction between NM1 in pre-
ribosomal subunits and actin in the pore-linked filaments
may contribute to the loading of export-competent pre-
ribosomal subunits at the nuclear pore basket prior to
CRMI1-mediated nuclear export. Both scenarios are spec-
ulative. However, it likely that these mechanisms are
significantly affected by dynamic changes in the poly-
merization states of nuclear actin.

Monomeric and polymeric actin during RNA biogenesis

The cell nucleus contains many of those factors that are
known to modulate the equilibrium between monomeric
and polymeric actin (see Table 1). Therefore, it is plau-
sible that throughout the different phases of RNA
biogenesis, actin exhibits alterations in its polymerization
state, and these changes may well have a functional
significance.
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At the moment we have not identified a general frame-
work on the equilibrium between monomeric, oligomeric
and polymeric actin forms in the cell nucleus. One of the
obstacles is the lack of tools that allow direct visualization
of nuclear actin by light microscopy. Fluorochrome-con-
jugated phalloidin does not label nuclear actin structures,
and it is difficult to perform experiments with GFP-actin
constructs expressed in cultured cells since most of the
GFP-conjugated actin is incorporated in the cytoskeleton. In
either case, there is an indication that in the cell nucleus
polymeric and monomeric or short oligomeric forms of
actin co-exist (see [99, 100]). The presence of polymeric
actin was recently investigated in living cells using fluo-
rescence recovery after photobleaching (FRAP). These
experiments provided evidence that nuclear actin and actin-
containing complexes have low mobility, suggesting that
actin could be assembled into higher order structures. In
addition, a large proportion of nuclear actin displayed
properties that are consistent with polymeric actin, includ-
ing a high degree of turn-over [101]. Indirect evidence for
the presence of monomeric or short oligomeric actin and
polymeric actin also came from the discovery that the cell
nucleus hosts both G-actin-binding proteins [102—112] and
F-actin-binding proteins [113-117] (see Table 1). Some of
these proteins that are known to regulate actin polymeri-
zation were shown to have a direct role in certain aspects of
RNA biogenesis. For instance, N-WASP and the ARP2/3
complex are known to cooperate to stabilize actin filaments
and promote branching. These proteins were recently found
to be important for RNA polymerase II transcription elon-
gation [115, 116], consistent with the view that actin
polymerization may be required to enhance the processivity
of RNA polymerase II [34]. Roles for monomeric actin in
serum response factor (SRF)-dependent RNA polymerase I1
transcription and for the G-actin-binding proteins profilin
and cofilin in RNA polymerase I transcription were also
investigated in recent studies [52, 118]. Consistent with the
possibility of ongoing co-transcriptional polymerization of
actin, addition of profilin to in vitro transcription assays did
not affect elongation of rRNA transcripts. On the contrary,
an opposite effect was observed when purified cofilin was
added to the in vitro transcription reactions [52]. When
interacting with G-actin, profilin is known to occupy an
actin—actin contact site and sequesters actin from the pool
of actin monomers. Profilin also catalyzes the exchange
of ADP-actin to the polymerization competent ATP-actin.
Therefore, if anything, profilin represents a source of
readily polymerizing ATP-actin monomers that are fed into
growing actin polymers by proteins such as WASP. Cofilin
is also a G-actin-binding protein that is required for the
reorganization of actin filaments. In fact, the actin depoly-
merizing factor (ADF)/cofilin binds G-actin monomers and
stimulates depolymerization of actin filaments through

severing and through increasing off-rates for actin mono-
mers from the pointed end [119, 120]. Cofilin cooperates
with ARP2/3 to reorganize actin filaments. Therefore, the
finding that cofilin negatively regulates pol I transcription
may be consistent with a mechanism of actin polymeriza-
tion that is conserved from cytoplasm to nucleus where it is
required for efficient transcription and presumably other
nuclear functions.

Early studies also provided genetic evidence that formin
homology (FH) proteins or formins are present in the cell
nucleus [117]. In eukaryotes, formins were only believed to
be molecular scaffolds that indirectly affected cellular
functions through the binding of other proteins. However,
recent in vitro studies demonstrated that they can function as
actin nucleators in the formation of new filaments [121],
altogether suggesting that there are different nuclear
mechanisms that may co-exist to control actin polymeriza-
tion. In either case, the presence of nuclear mechanisms that
control actin polymerization is consistent with actin-based
molecular motors coupled to multiple phases of RNA bio-
genesis (see Fig. 5) [34, 53]. This leads to the question of
how nuclear actin polymerization and actomyosin complex
formation are regulated. In the cytoplasm the GTPase RhoA
controls actomyosin assembly, and it is important to control
cytokinesis. The activated Rho stimulates myosin activation
as well as actin polymerization, and it is in turn regulated by
GTP exchange factors (GEFs) and several kinases. Are any
of these mechanisms conserved in the cell nucleus? At this
stage, this idea is rather attractive, but remains speculative.
However, there is emerging evidence that RhoA- and RhoA-
regulating factors are present in the nucleus. The RhoA
exchange factor Netl was recently found to modulate tumor
suppressor activity [122]. Recent evidence obtained in
gastric cancer cells demonstrated that RhoA is found at the
cell membrane and throughout the cytosol and displays
distinctive nucleolar localization that is enhanced upon
induction of cellular proliferation [123]. Even though future
work is required, these initial observations suggest a
potential role for these factors in controlling gene expression
at steady state, perhaps by regulating the polymerization
state of the transcription-competent actin and assembly of
the actomyosin complex (see Fig. 5). In the above scenario,
it will be really interesting to determine whether actin
polymerization readily occurs along active genes for effi-
cient transcription, with the extent of actin polymerization
correlating with gene expression levels.

What happens then to the state of actin polymerization
when the newly synthesized RNA, incorporated in RNPs, is
cleaved from the gene? Immune electron microscopy
experiments preformed in situ on C. tentans salivary gland
ultrathin sections indeed showed that actin is incorporated
in mature RNPs, but failed to provide evidence of canon-
ical filamentous actin structures [30]. In addition, DNase I
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Fig. 5 An integrative model illustrating how the different polymer-
ization states of nuclear actin may affect nuclear function. N-WASP
and ARP2/3 are likely to cooperate in order to stabilize polymeric
actin during transcription elongation, while the monomeric actin pool
may be continuously replenished by the combined action of cofilin

affinity chromatography precipitated actin from RNP
preparations [31], suggesting that in RNPs actin is in a
monomeric or short oligomeric form. Therefore, if actin
polymerization is required for transcription elongation and
perhaps termination, one might also anticipate an actin
depolymerization mechanism that takes place upon RNP
assembly and maintains actin in a depolymerised form.
Within the RNP this scenario may be achieved by incor-
porating G-actin-binding proteins such as cofilin or by
covalent modifications on the RNP-incorporated actin or
actin binding proteins that impair the actin polymerization
process. These are speculative models. However, there is
evidence that actin binding to hnRNP U occurs only when
the two proteins are on the gene coding region and are no
longer sitting at the promoter [39], suggesting that covalent
modifications on actin and hnRNP U may affect their
abilities to bind to each other along the gene and during
incorporation within the newly assembled RNP particle.
This type of mechanism that has the potential to preclude
actin from polymerizing in the RNP may also be used to
stimulate polymerization during export and unwinding of
the RNP for cytoplasmic mRNA localization.

On the importance of being promiscuous during RNA
biogenesis

The multiple roles in gene expression where actin is
directly involved feature dynamic associations and disas-
sociations of multiprotein complexes or molecular
machines. We like the idea that these dynamic networks
are partly mediated by the regulated set of protein—protein
interactions between actin and actin-binding proteins. For
instance, this is the case for the transcription apparatus,

— — — Polymeric actin

Monomeric actin

Transcription

RNP assembly

and profilin. In this context the role of nuclear GTPases has not been
investigated yet. However, other mechanisms should also be consid-
ered in the modulation of the fine balance between monomeric and
polymeric nuclear actin, given for instance genetic evidence that
formins and formin-like proteins are present in the cell nucleus

which interacts with actin in multiple ways and also applies
to chromatin-modifying complexes where actin and actin
related proteins have been considered already for some
years as histone chaperones (see [124, 125]). We can
expand this scenario to the crosstalk between chromatin-
modifying complexes and transcription apparatus where
the interaction between actin and hnRNPs or myosin is
important for co-transcriptional recruitment of HATs and
chromatin remodeling complexes. Altogether this implies
that actin, a rather uncommitted molecule (at least from a
structural point of view), has to be able to entertain some
serious “molecular talking” with many other proteins in
order to become engaged in multiple regulatory functions.

We are only beginning to understand these regulatory
networks in RNA biogenesis. Of course in the cytoplasm
actin is engaged in complex networks of protein—protein
interactions with a large number of proteins, and it is
required in most cellular processes. These proteins regulate
actin polymerization, and they are implicated in various
intracellular signaling pathways. We propose that a similar
landscape takes shape in the cell nucleus with the difference
that in the nucleus RNA transcripts and their secondary
structure alterations may be important to stabilize actin-
mediated protein—protein interactions. Many proteins have
already been identified that interact with actin for different
reasons and in different contexts. The synergistic action of
actin and myosin and all the proteins that regulate their
motor activity has been accepted as an essential mechanism
to promote RNA biogenesis at the transcriptional level.
There are several open questions. We do not know how these
mechanisms are regulated or deregulated, whether they are
used at the post-transcriptional level, how gene expression
profiles are affected locally and globally and how they are
integrated into the functional architecture of the cell nucleus.
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There is evidence that spectrin repeat containing proteins,
which bind actin and have a role in the establishment of cell
structure, are also present in the nucleus [126—138]. Further
analysis is required, but it is interesting to suggest that these
proteins may cooperate with actin to integrate RNA bio-
genesis pathways within the structure of the cell nucleus.

Concluding remarks

Some of the molecular mechanisms underlying actin
function in transcription have been recently unraveled, but
we still have limited insights into how actin controls the
later phases of gene expression and, above all, how actin
polymerization is regulated from the nucleus to cytoplasm,
affecting multiple phases of RNA biogenesis. Moreover,
what are the mechanisms that allow nucleocytoplasmic
shuttling of the actin molecule? How is actin imported in
the cell nucleus? We do not know whether this is an active
process or perhaps actin simply remains trapped in the cell
nucleus at the end of cell division through tight interactions
with histones. On the other hand, while there is evidence
that actin has functional nuclear export sequences [139], a
somewhat conflicting report indicated that at least a frac-
tion of nuclear actin is exported in complex with profilin in
an exportin-dependent manner [140], a potential homeo-
static mechanism that would guarantee the proper levels of
actin in the cell nucleus. However, it is likely that the
majority of nuclear actin is exported as part of cargos. This
idea is supported by the fact that actin accompanies RNA
from the gene to polysomes as a component of RNP
complexes and anti-actin antibodies interfere with the
export of viral mRNA in X. laevis oocytes [30, 32].

In this rapidly developing area of research, we have
probably managed to scrape the tip of the iceberg with
many questions that still need to be addressed. Perhaps one
way of addressing these questions is to start identifying the
nuclear actin proteome. In either case, actin is likely to
contribute to the correct flow of RNA from gene to poly-
somes as an essential allosteric regulator of protein—protein
interactions facilitating the crosstalk between the special-
ized molecular machines involved throughout the multiple
phases of RNA biogenesis.
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