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What we talk about when we talk
about nuclear actin
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In the cytoplasm, actin filaments form crosslinked networks
that enable eukaryotic cells to transport cargo, change shape,
and move. Actin is also present in the nucleus but, in this
compartment, its functions are more cryptic and controversial.
If we distill the substantial literature on nuclear actin down
to its essentials, we find four, recurring, and more-or-less
independent, claims: (1) crosslinked networks of conventional
actin filaments span the nucleus and help maintain its
structure and organize its contents; (2) assembly or contraction
of filaments regulates specific nuclear events; (3) actin
monomers moonlight as subunits of chromatin remodeling
complexes, independent of their ability to form filaments; and
(4) modified actin monomers or oligomers, structurally distinct
from canonical, cytoskeletal filaments, mediate nuclear events
by unknown mechanisms. We discuss the evidence underlying
these claims and as well as their strengths and weaknesses.
Next, we describe our recent work, in which we built probes
specific for nuclear actin and used them to describe the form
and distribution of actin in somatic cell nuclei. Finally, we
discuss how different forms of nuclear actin may play different
roles in different cell types and physiological contexts.

Introduction and Scope

In the cytoplasm, actin filaments form crosslinked networks
that enable eukaryotic cells to transport cargo, change shape,
and move. Actin is also present in the nucleus' but, in this com-
partment, its functions are more cryptic and controversial. If
we distill the substantial literature on nuclear actin down to its
essentials, we find four, recurring, and more-or-less independent,
claims (Fig. 1): (1) crosslinked networks of conventional actin
filaments span the nucleus and help maintain its structure and
organize its contents; (2) assembly or contraction of filaments
regulates specific nuclear events; (3) actin monomers moonlight
as subunits of chromatin remodeling complexes, independent of
their ability to form filaments; and (4) modified actin monomers
or oligomers, structurally distinct from canonical, cytoskeletal
filaments, mediate nuclear events by unknown mechanisms. We
discuss the evidence underlying these claims and as well as their
strengths and weaknesses. Next, we describe our recent work, in
which we built probes specific for nuclear actin and used them to
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describe the form and distribution of actin in somatic cell nuclei.
Finally, we discuss how different forms of nuclear actin may play
different roles in different cell types and physiological contexts.

Evidence for Nuclear Actin Networks

Nuclear actin was first identified in germinal vesicles of
amphibian oocytes, where it is present at high concentration
(> 100 wM).? The high concentrations of actin in germinal ves-
icles is probably due to the fact that most oocytes do not express
actin’s main nuclear export factor, Exportin-6.°> There has been
much disagreement over the state of this actin: whether it is
mostly monomeric or filamentous.* Several early studies reported
the existence of an actin filament-rich “nuclear gel” in germinal
vesicles isolated from frog (Xenopus laevis) oocytes in magne-
sium- and potassium-containing buffers.”® Others reported that
germinal vesicles when isolated under oil contain almost no fila-
mentous actin.*’

Recent experiments on intact oocytes are similarly contradic-
tory. In Xenopus oocytes, images of phalloidin-stained cells from
the Gérlich laboratory, as well as high-resolution scanning elec-
tron micrographs, support the idea that actin filaments form a
nucleoplasmic mesh required for maintenance of germinal vesicle
integrity.®? Live cell imaging of actin in starfish (Patiria miniata)
oocytes, however, seems to imply that the majority of actin in
these germinal vesicles is monomeric and, upon nuclear envelope
breakdown, polymerizes into a contractile mesh that ensnares
chromosomes and facilitates their congression.'*!!

Evidence that Actin Filaments Play a Role
in Nuclear Processes

Very early studies in Xenopus and salamanders (Pleurodeles watliz)
suggested that actin filaments associate with lampbrush chromo-
somes and are required for transcription.”*'* This proposal was
based largely on the observation that actin antibodies microin-
jected into germinal vesicles inhibited both chromosome conden-
sation and transcription. This hypothesis was not followed up
for many years, but recent work in Xenopus has revived the idea
that nuclear actin plays a role in oocyte gene expression. In an
effort to understand the mechanisms of induced pluripotency,
the Gurdon lab transferred differentiated C2C12 nuclei into
Xenopus oocytes, and found that overexpression of non-polym-
erizing actin mutants inhibits induction of the pluripotency gene

Nucleus 291

Do not distribute

l0Sclence.

©2013 Landes B



Figure 1. Proposed forms of actin in the nucleus. (A) Crosslinked networks of conventional actin filaments, (B) linear filaments that support motor-
based transport, (C) monomers that regulate chromatin-based protein complexes and (D) non-canonical, modified actin monomers or oligomers.

Oct4. Conversely, these authors also found that overexpression
of polymer-stabilizing actin mutants enhances Oc#4 induction.”
Whether nuclear actin filaments act directly on Oct4 transcrip-
tion has yet to be determined. It has been subsequently reported
that treatment of Xenopus, and avian oocytes (Gallus gallus domes-
ticus, Coturnix coturnix japonicas, Fringilla coelebs) with the actin-
depolymerizing drugs cytochalasin D and latrunculin A results
in chromosome collapse and global inhibition of transcription.”
Thus, the inhibition of Ocz4 induction may stem from a more
general phenomenon.

In somatic cells, the functions and forms of nuclear actin
are even less clear and even more hotly debated. We can find no
good estimates in the literature for the concentration of actin in
somatic cell nuclei but, because somatic cells do express actin’s
nuclear export factor, Exportin-6, it is certainly much lower than
in germinal vesicles. Although phalloidin does not label any
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filaments in somatic nuclei, the study of nuclear actin dynamics
suggests that several forms of somatic nuclear actin may exist.
Using fluorescence recovery after photobleaching (FRAP) and
fluorescence correlation spectroscopy (FCS), McDonald and col-
leagues'® measured two different mobilities for GFP-tagged actin
in somatic cell nuclei (0.009 pm?/sec and > 0.06 pm?/sec). It is
unclear, however, whether the difference in measured mobilities
arises from differences between the two techniques used to char-
acterize molecular mobility or whether it reflects the existence of
both filamentous and monomeric nuclear actin pools.

Several studies suggest that nuclear actin is required for optimal
transcription in somatic cells. As in the oocyte systems, injecting
anti-actin antibodies into HeLa cell nuclei appears to inhibit RNA
polymerases I and II, and reducing the amount of nuclear actin
by inhibiting nuclear import represses transcription globally."”"
Some of these effects might be due to the role of actin monomers
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in chromatin remodeling complexes (see below), but actin fila-

ments have also been proposed to play a role. Ye et al.?

performed
the most rigorous test of this hypothesis to date using both phar-
macological agents and actin mutants, with mixed results. The
authors found that treating HEK293T cells or nuclear extracts
with inhibitors of actin assembly (latrunculin B and cytochala-
sin D), decreases pre-fRNA synthesis, but found that this effect
could not be reproduced by overexpressing non-polymerizing
actin mutants. It is possible that this inconsistency results from
high doses and long incubation times required for pharmacologi-
cal inhibition, which may trigger stress responses that alter global
transcriptional activity. Ye et al. also observed discrepancies when
they compared the effects of actin filament stabilizing drugs (jas-
plakinolide and phalloidin) with the effects of filament-stabilizing
actin mutants (S14C and V159N). The former has no effect on
pre-tfRNA levels, while the latter causes pre-rRNA levels to rise.
Based on these results, the direct involvement of actin filaments in
transcription remains an open question (Fig. 2).

Ectopic expression of actin mutants has suggested that nuclear
filaments might facilitate long-range transport of activated genes,
and the identification of numerous nuclear myosin motor proteins
has made this idea quite attractive.?’*® In Dundr et al.” overex-
pression of a nucleus-targeted, non-polymerizing actin mutant
(R62D) in Hela cells inhibited long-range (2—-3 micron) move-
ment of an array of activated U2 snRNA minigenes to Cajal bod-
ies. Chuang et al.?® observed a similar effect on the motion of a
transgenic DHFR gene in CHO cells in the presence of a nucleus-
targeted G13R actin mutant, also defective in polymerization.

Several reports have proposed an indirect role for nuclear
actin in regulating the activity of the actin-binding transcrip-
tional regulator, MRTF (myotonin-related transcription fac-
tor). Briefly, MRTF binds monomeric actin via three short
sequences, called RPEL domains. Actin monomers occupying
these sites block access of importins to MRTF’s nuclear local-
ization sequence. Decreases in cytoplasmic concentrations of
monomeric actin, caused by bursts of polymerization, decrease
the occupancy of the RPEL domains and drive MRTF into the
nucleus. Once MRTF is inside the nucleus, however, nuclear
actin monomers can still bind the RPEL domains and inhibit
transcriptional activity. Serum stimulation of starved cells pro-
duces a burst of actin assembly in the cytoplasm sufficient to
drive MRTF into the nucleus.””*® Based on a set of persuasive
experiments, Baarlink et al.?! found that serum stimulation addi-
tionally causes a burst of actin polymerization in the nucleus
sufficient to enable MRTF to carry out its program of transcrip-
tional activation. These authors used a nucleus-targeted version
of a fluorescent probe, Lifeact, to directly observe the transient
burst of nuclear actin filament assembly triggered by serum stim-
ulation. In this mechanism it is not nuclear actin filaments per se
that promote transcription but the polymerization-linked deple-
tion of nuclear actin monomers.

Significantly, Baarlink et al. demonstrated that serum-induced
nuclear actin filament assembly requires the activity of formin-
family actin nucleators inside the nucleus. In addition to formins
and myosins, a growing number of actin-associated proteins have
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been found in the nucleus, including: cofilin, a-actinin,
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filamin,*

and coronin 2A.% Some of these proteins appear to
translocate from the cytoplasm to the nucleus in response to envi-
ronmental stimuli and may regulate cofilin-actin rods, nuclear
actin bundles that form in a range of cell types following external
stress. Early work identified actin rods in nuclei of several species
of Dictyostelium following treatment with DMSO.>*% Subsequent
studies in various model systems have shown that nuclear actin
rod formation is also induced by heat shock, ATP depletion and
oxidative stress.?>?% Little is understood of the physiological role
of nuclear actin rods, though many reports have strongly impli-

cated nuclear cofilin as a major regulatory factor.**!

The Role of Monomeric Actin
in Chromatin-Remodeling Complexes

It is now a widely accepted fact that conventional actin mono-
mers, along with several actin-related proteins (Arps), form con-
served subunits of complexes that modify and remodel chromatin
from yeast to human.? These include the INO80, SWR1 and
SNI/SNE-type chromatin-remodeling complexes and the NuA4
histone acetyltransferase complex.*** These multi-component,
molecular machines produce dynamic changes in chromatin
architecture, gene transcription, and DNA repair. The role of
actin and nuclear Arps in these complexes is unknown, but some
early studies suggested that, similar to the Arp2/3 complex, they
might nucleate conventional actin filaments.” More recent work,
including structural studies of the Arp subunits, argues against
this idea.” Interestingly, the activity of chromatin remodelers can
be reconstituted in vitro from partial complexes or sub-complexes
lacking actin and/or Arps, suggesting that they are required for

regulation in vivo.**

Non-Canonical Actin Monomers
and Oligomers in the Nucleus

After years of work failed to produce convincing images of
canonical actin filaments in nuclei of unstressed, somatic cells,
some investigators proposed that nuclear actin self-associates into
non-filamentous oligomers—possibly related to the anti-paral-
lel, “lower” dimers that can be generated in vitro by chemical
crosslinking.” Evidence for the existence of such non-canonical
structures in cells comes almost exclusively from the use of anti-
bodies raised against chemically crosslinked actin. Furthermore,
detecting these antibodies in the nucleus requires specialized fix-
ation and extraction methods, making it difficult to judge their
physiological relevance. Recently, Hofmann et al.** discovered a
pool of SUMO-ylated actin, which appears to be restricted to the
nucleus. This post-translational modification may play a role in
nuclear retention of actin but its role in nuclear function is still
a mystery.

Major Obstacles and Recent Progress
Although compelling evidence places actin inside the nucleus,

we know little about its nuclear functions and the mechanisms
by which it carries them out. High concentrations of actin in the
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and reorganize into cofilin-actin rods (D) following environmental stress.

Figure 2. A comparison of known nuclear actin architectures. Oocyte germinal vesicles contain cross-linked actin networks (A) that undergo myosin-
based contraction following nuclear envelope breakdown (B). In somatic nuclei, short actin filaments and a functional monomeric pool are present (C)

cytoplasm make it difficult to see the trace amounts in somatic
cell nuclei. Also, since the actin cytoskeleton participates in many
different cellular processes it is difficult to attribute the effects
of actin mutants or pharmacological agents to a specific nuclear
pool. To make progress the field must develop new methods to:
(1) perturb the concentration, localization, and/or architecture
of actin inside the nucleus without disrupting actin in the cyto-
plasm, and (2) visualize nuclear actin structures in living cells.
Recent work on the nucleo-cytoplasmic trafficking of actin
has provided tools that may enable us to manipulate nuclear
actin concentrations without perturbing cytoplasmic actin. In

Stiiven et al.,’ the Gorlich lab identified Exportin-6 (XPOG) as a
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factor that appears to specifically export profilin-bound actin and
a small set of actin-associated proteins out of the nucleus. The
Vartianen group closed the import-export loop by identifying
Importin-9 (IPOY) as the nuclear import factor for actin.”” Using
RNAI, these authors demonstrated that nuclear actin levels could
be tuned by altering the ratios of import and export. These dis-
coveries open a door to more decisive mechanistic studies and
they would be further enhanced by development of additional
tools, such as nucleus-targeted actin monomer-sequestering pro-
teins or depolymerization factors.

A final key to solving the puzzles posed by nuclear actin would
be provided by reliable methods to image actin-containing nuclear
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structures in live cells. Conventional techniques for labeling cel-
lular actin are problematic. The signal from fluorescent derivatives
of phalloidin or fluorescent actin fusion proteins is dominated by
the contribution from the cytoplasm. In addition, fusion of fluo-
rescent proteins to actin renders them poor substrates for some
actin regulators. Formin-family proteins, already implicated in
generating nuclear actin filaments in response to serum stimula-
tion®' for example, cannot nucleate or elongate filaments using
GFP-actin. “Nucleus-specific” actin antibodies label punctate
structures in the nucleus, but these results are highly dependent
upon cell type and fixation conditions and cannot be used for
live-cell imaging. Such immunofluorescence experiments are also
unable to discriminate between monomeric and filamentous actin.

To characterize nuclear actin architectures in somatic cells, we
designed nucleus-specific actin reporters consisting of an EGFP-
tagged actin binding domain (ABD) fused to a strong nuclear
localization signal (NLS). We tested a range of ABDs that repre-
sent multiple classes of well-characterized actin-binding proteins
specific for either actin filaments or monomers. When expressed
in human U20S cells, the majority of the ABDs we tested exhib-
ited one of two flaws: (1) they failed to detect actin structures
in the cytoplasm, or (2) they clearly perturbed the nuclear actin
pool and created artifactual nuclear actin structures.

One monomer-specific probe, the RPEL1 ABD from MAL,
had neither of these defects. Similar to our EGFP-NLS control
construct, RPELI-EGFP-NLS (R1EN) has a diffuse nucleoplas-
mic localization and is enriched in nucleoli. R1EN is also enriched
in nuclear speckles, a nuclear body involved in pre-mRNA pro-
cessing events. Mutation of residues required for binding actin
(R81D/R82D) abolished the enrichment in nuclear speckles,
suggesting that monomeric actin is present in nuclear speck-
les. This result is consistent with a previously proposed role for
nuclear actin in RNA processing.

Of the filament-specific ABDs tested, only two efficiently
labeled cytoplasmic actin filaments in vivo: the actin binding
peptide, Lifeact, and a truncation of the human actin-binding
protein utrophin, Utr261. When targeted to the nucleus, how-
ever, both probes induced formation of large, bundled actin net-
works. In the case of Lifeact, this is likely due to the peptide’s
high affinity for monomeric actin, which probably increases the
nuclear concentration of actin. Since we could find no easy way
to improve Lifeact’s specificity for filaments, we did not pursue
it further. Utr261 is highly specific for filaments, but potently
induces actin-filament assembly and bundling in vitro. We sus-
pect that this bundling activity arises from self-association of
Utr261 into a dimer that contains several non-overlapping actin-
binding sites capable of crosslinking filaments and forming bun-
dles. To create a utrophin ABD variant that binds actin filaments
without bundling them, we made several truncation mutants of
Utr261 and expressed them with EGFP-NLS tags. One of these
truncations, Utr230-EGFP-NLS (Utr230-EN) retained the abil-
ity to bind filaments in the cytoplasm and, in the nucleus, local-
ized to punctate structures of a relatively fixed size (< 500 nm)
scattered throughout the nucleoplasm.

The number and size of nuclear actin particles does not vary
with the expression level of Utr230-EN, indicating that they are
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native structures rather than aggregates or artifacts of overexpres-
sion. Additional lines of evidence argue that these structures con-
tain actin filaments: (1) they cannot be detected by Utr230-EN
mutants deficient in actin binding; (2) they can be stained by phal-
loidin (but only after cytoplasmic actin structures are depolymer-
ized by latrunculin B); and (3) their presence in the nucleoplasm
can be abolished by knockdown of importin-9. These controls
provide compelling evidence that Utr230-EN provides an accu-
rate picture of actin filament distribution in somatic cell nuclei.

We used colocalization assays to address proposed func-
tions of actin filaments in the nucleus. Surprisingly, we found
no strong overlap between nuclear actin filaments and markers
for numerous nuclear processes, including chromatin remodel-
ing, transcription, and RNA processing. In fact, DAPI staining
and markers for chromatin indicated that actin filaments are
generally excluded from chromatin-rich regions of the nucleus.
These experiments appear to rule out direct participation of actin
filaments in many RNA- and chromatin-based processes. It is,
however, still possible that actin filaments interact with subsets of
genes in chromatin-poor regions.

What do our results say about actin-based cargo transport
within the nucleus? Actin-based transport can occur in one of
two ways: (1) by motor proteins moving along actin filament
tracks, and (2) by actin filaments polymerizing to generate pro-
pulsive forces. The first mechanism seems unlikely given the
small size (< 500 nm) of the nuclear actin filaments and the
fact that “directed” motions observed in the nucleus can span
several microns. To address the second mechanism, we tracked
nuclear actin filaments in live cells using confocal microscopy
and calculated the speed correlation index (SCI) of the result-
ing trajectories. Briefly, the SCI is a measure of how persistently
a particle moves in a given direction. It compares the direction
of motion at each time point with the direction at subsequent
times. High SCI values across several frames of a particle trajec-
tory indicate directed motion. Our SCI calculations for nuclear
actin filaments demonstrated that these signatures of directed
motion were entirely absent, ruling out a role for actin in direct-
ing intranuclear transport.

Curiously, the SCI values we measured indicate the opposite
of persistent, directed motion: actin filaments are more likely to
“backtrack” along their trajectories than to diffuse randomly.
The velocity autocorrelation function (VCF), a parameter simi-
lar to the SCI that specifically identifies “backtracking” events
and oscillations, supports this observation. The most likely physi-
cal interpretation of this result is that the actin filaments in the
nucleoplasm are embedded in a medium that provides an elastic
force that “pushes back.”

Similar “backtracking” behavior has been observed and mod-
eled for particles embedded in viscoelastic networks, including
individual genes within chromosomes and monomers within
larger cytoskeletal polymers. The actin filaments in the nucleus
are too small and dispersed to create such a viscoelastic mesh on
their own, so the source of the elastic force must be something
else. Because actin is excluded from chromatin-rich regions of
the nucleus, it is unlikely to be chromatin, and may instead be a
protein-based mesh similar to the proposed nuclear “matrix.” One
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possibility is that short, nuclear actin filaments serve as scaffolds
that locally organize nuclear proteins within a viscoelastic mesh.

In addition to providing evidence that actin interacts with a
viscoelastic medium in the nucleoplasm, our particle tracking
analysis also revealed multiple mobility populations of nuclear
actin filaments. They majority of filaments formed three overlap-
ping populations with diffusion coefficients between 0.06 and
0.08 wm?/sec. The motion of these particles was consistent with
simple diffusion, with a values approaching 1. A smaller subset of
filaments moves much more slowly and subdiffusively, with aver-
age diffusion coefficients of 0.015 and 0.04 pm?/sec and o values
approaching 0.67. This lower a value of is consistent with those
calculated for particles embedded in viscoelastic media (~0.7),
suggesting that a subset of actin filaments interacts strongly with
low-mobility elements in the medium.”*** The multiple mobil-
ity populations also indicate that nuclear actin filaments exist in
multiple, distinct pools.

The size and spatial distribution of actin filaments we observe
in somatic cell nuclei argue strongly against many of their pro-
posed functions. We found no evidence for an actin filament
meshwork spanning the nucleus and, in our work as well as that
of other groups, inhibition of actin import has no obvious effect
on the morphology or integrity of the nucleus. Our work does not
address the existence of noncanonical, oligomeric actin structures
in the nucleus.

Our monomer-specific actin reporter RI-EN suggests that
actin monomers may have a role in RNA processing at nuclear
speckles, but there may be other actin monomer populations that
cannot be detected using R1-EN because they are not enriched
above background in an obvious nuclear landmark. Determining
the extent to which nuclear actin monomers participate in RNA
processing and other nucleoplasmic processes will require addi-
tional molecular tools.

Moving Forward

Tools to visualize and perturb nuclear actin are beginning to
advance our understanding, but more and better tools are needed.
Utrophin- and Lifeact-based probes revealed populations of
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along with the development of pharmacological agents such as
latrunculin, jasplakinolide, and blebbistatin, drove fundamen-
tal advances in our understanding of cytoplasmic actin dynam-
ics. This has shaped our modern views of how cells move, how
they interact with their environment, and how they divide. Now,
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