Minireview

Gene regulation through dynamic actin control of nuclear

structure

Jeyantt Sankaran', Gunes Uzer?, Andre J van Wijnen®* and Janet Rubin’

1Depar‘tment of Medicine, University of North Carolina, Chapel Hill, NC 27599, USA; 2CoIIege of Mechanical and Biomedical Engineering,
Boise State University, Boise, ID 83725, USA; 3Department of Orthopedic Surgery, Mayo Clinic, Rochester, MN 55905, USA; 4Department
of Biochemistry and Molecular Biology, Mayo Clinic, Rochester, MN 55905, USA

Corresponding author: Janet Rubin. Email: jrubin@med.unc.edu

Impact statement

Gene expression is controlled by nuclear
structure which is modulated by both
internal and external forces exerted on the
nucleoskeleton. Extracellular forces expe-
rienced through the actin cytoskeleton are
transmitted to the internal nucleoskeleton
via Linker of Nucleus and Cytoskeleton
(LINC) protein connections. LINC com-
plexes directly alter nuclear shape and
entry of molecules that regulate transcrip-
tion. New mechanistic models indicate that
nuclear actin is a dynamic component of
the filamentous nucleoskeleton and modi-
fied by an intranuclear “actin toolbox”, a
set of enzymes that regulate linear and
branched polymerization of nuclear actin.
External stimulation of both biomechanical
and biochemical pathways alters nuclear
actin structure and has profound effects on
gene expression by controlling chromatin
architecture and transcription factor
access to gene targets. The available data
indicate that nucleoskeletal control of gene
expression is critical for self-renewal and
mesenchymal lineage-allocation in

stem cells.

Abstract

Bone marrow mesenchymal stem cells exist in a multipotential state, where osteogenic and
adipogenic genomes are silenced in heterochromatin at the inner nuclear leaflet. Physical
force, generated in the marrow space during dynamic exercise exerts control overexpres-
sion of differentiation. Mesenchymal stem cells experience mechanical force through their
cytoskeletal attachments to substrate, inducing signaling that alters gene expression. The
generated force is further transferred from the cytoskeleton to the nucleoskeleton through
tethering of actin to Linker of Nucleus and Cytoskeleton (LINC) complexes. Forces exerted
on LINC alter the shape and placement of the nucleus within the cell, and are ultimately
transferred into the nucleus. LINC complexes transverse the nuclear membrane and con-
nect to the internal nucleoskeleton that is made up of lamin filaments and actin. Force
transfer through LINC thus causes structural rearrangements of the nuclear scaffolding
upon which chromosomes are arranged. Gene availability is not only modulated through
heterochromatin remodeling enzymes and active transcription factors but also by control of
nucleoskeletal structure and nuclear enzymes that mediate actin polymerization in the
nucleus. Nuclear actin structure may be affected by similar force-activated pathways as
those controlling the cytoplasmic actin cytoskeleton and represent a critical determinant of
mesenchymal stem cell lineage commitment.
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Introduction

cells for musculoskeletal tissue development and continue

Cells in an organism are attuned to perceive, respond, and
employ mechanical signals to communicate; this ability to
manipulate mechanical stimuli has been recorded as early
as when the sperm of a horseshoe crab utilizes forces gen-
erated by the actin cytoskeleton to penetrate the egg.'
Sensitivity to mechanical signals is critical to sensing and
balancing forces during the gastrulation phases in vivo® and
continues throughout the entire span of an organism.
Mesenchymal stem cells (MSC) differentiate to supply
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this process in the adult during tissue regeneration. A key
tissue for successful locomotion on land, the skeleton, bears
load similar to the rebars and steel beams in modern build-
ings, but departs from inert building materials by continu-
ally remodeling. In adults, MSC harbored in the stem cell
niches of bone marrow are recruited to reinforce skeletal
tissue, building a skeleton that can withstand physical
forces sustained while supporting human activities (e.g.
carrying, throwing, running).
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At the tissue level, load bearing is anabolic for the skel-
eton as shown by the greater bone mineral density
observed in the playing arm of tennis players when com-
pared to the non-dominant arm, or in the greater tibial
BMD of sprinters when compared to non-athletes.” At the
other end of the spectrum, loss of mechanical input is det-
rimental to the skeleton, for instance the loss of skeletal
mass in microgravity.* Tissue level remodeling of the skel-
eton requires that MSC are able to sense and respond to
physical forces imposed by functional loading in the macro
and microenvironment.’> As such, MSCs poised in stem
states in different depot locations receive signals for recruit-
ment. The MSC responds to physical and soluble factors
with specific gene expression driving expansion of clonal
progenitors within an emergent lineage, and then expres-
sion of functional proteins reflecting the differentiated cell.
For example, to become a bone osteoblast with capacity to
secrete bone matrix for mineralization of skeletal tissue, the
bone marrow MSC must leave its hematopoietic niche,
turning on early genes to allow proliferation, and then,
once within the bony matrix, express a set of genes
having to do with terminal differentiation and function.®
Alternately, MSCs within the bone marrow also have the
capacity to become adipocytes, a necessary cell both for
regeneration and energy storage.

It is recognized that MSCs perceive force via the cyto-
skeleton, which is a force responsive cell scaffold that
undergoes structural remodeling after exogenous mechan-
ical stimulation. A key part of this structural remodeling
occurs at the level of the actin cytoskeleton, which in turn
profoundly regulates MSC lineage commitment and differ-
entiation.” Studies focusing on how physical force results in
gene expression in the MSC have led to new insights into
yet another level of structural remodeling that occurs in the
nucleus. Here, we will consider how architectural changes
in the nucleus may participate in epigenetic regulation of
gene expression and cell function.

Nuclear morphology, and subsequently gene
expression, is subject to external
mechanical force

The nucleus is the repository of genes, the expression of
which determines the identity of the cell and its function-
ality. For the MSC, this requires genes, which are initially
silenced within a “closed” heterochromatin state, to be
re-established in an “open” euchromatin state that renders
genes available to master transcription factors that induce
differentiation. Silenced genes are generally found in the
periphery of the nucleus, and move centrally as they
become active.” This hints at an active nuclear landscape
where location and structural regulation of chromosomal
location are key to gene expression.

The nucleus has discrete mechanical properties. It is the
largest and densest organelle in the cell, and its structure —
including size, height, area, and stiffness —is determined by
its outside self-connections to non-nuclear cellular ele-
ments, and inside by nucleoskeletal connections made up
of intermediate lamina filaments, lamins A/C and B and
the cellular DNA. During differentiation, stem cell nuclei

become stiffer even in the absence of outside connections,
largely due to increased lamin A/C expression.'” While
lamin Bl-deficient cells have normal nuclear mechanics,
loss of lamin A/C reduces nuclear stiffness, and is thus
thought to account for the majority of nuclear stiffness."
The stiffer nucleus has an increased proportion of genes in
the heterochromatin state, and this will modulate the
response to incoming signals.'* In this way, both the remod-
eled nucleoskeleton and nuclear stiffness appear to alter the
scaffolding on which chromatin is arrayed. Besides actin
contributing to forces placed on the nucleus, our work sug-
gests that actin polymers are key contributors within the
nucleus to provide chromatin scaffolding.

Nuclear position, along with its height and area, is reg-
ulated through forces exerted on the nuclear envelope by
the cytoplasmic cytoskeleton. In this way, the nucleus of the
cell, connected through a network of microtubules and
actin struts to integrins on the substrate surface, also gath-
ers information regarding the external environment.
Physical substrate strains or fluid flow over the cell as
would be induced by mechanical loading of the skeleton
induces clustering of integrins, activation of RhoA kinase,
and subsequently induction of new focal adhesions.'® Focal
adhesions, besides connecting cells to their external sub-
strate, also serve as hubs for the recruitment and clustering
of signaling molecules, where the combination of force
transmission and signal transduction result in further cyto-
skeletal remodeling.'* Studying MSCs, our group demon-
strated that substrate strain induced rearrangement of focal
adhesions and their interconnecting F-actin struts.® Focal
adhesion development requires activation of RhoA, a pro-
cess that we found devolved from strain-induced FAK/
Fyn, with subsequent activation of mTORC2 (mTorc-
Rictor) and its Akt target.*'> An important result of focal
adhesion development through dynamic strain is the
enhancement of signaling. A repeated bout of mechanical
strain augmented force-induced signal pathway as demon-
strated by increased phospho-Akt, GSK3/ inhibition, -cat-
enin preservation and, when repeated twice daily over the
four days necessary for adipocyte differentiation, signifi-
cantly enhanced the ability of strain delivery to repress
adipogenesis.'* Investigating a potential role of mTORC2
in marrow-derived MSC cell differentiation, we found that
deleting mTORC2 function in cells by knocking down
Rictor (rapamycin-insensitive companion of mTOR, the
component delineating mTORC2 from mTORC1) resulted
in adipogenesis.® Accordingly, Rictor knockout mice have
reduced skeletal mass.'®

At focal adhesion sites, activation of RhoA causes poly-
merization of actin, with actin polymers tenting the cell
structure both between focal adhesion sites and to the
Linker of Nucleus and Cytoskeleton (LINC) connections
at the nuclear envelope (Figure 1). LINC complexes provide
the physical hardwiring of the cell nucleus to the outside
world allowing the nucleus to perceive the extranuclear
mechanical environment by tying the nucleus to the cyto-
plasmic structure through interactions with actin, microtu-
bule, and intermediate filament networks."”” At the
cytoplasmic face, LINC complexes are composed of the
giant nesprin proteins 1 and 2. N-termini of giant nesprins
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Figure 1. LINC complex connects the external actin cytoskeleton to the nucleoskeleton. The nuclear envelope, nucleoskeleton, and their binding partners facilitate
mechanical coupling between cytoplasmic and nuclear cytoskeletons. LINC complexes composed of Sun trimers and Giant Nesprin mechanically couple the actin
cytoskeleton, and involve FHOD1 and Torsin facilitated LINC assembly. Chromatin interacts with nuclear structural elements to regulate gene expression including
lamin B (through lamin B receptor, LBR), lamin A/C (via lamin-associated domains, LADs), and actin filaments. Inside the nucleus, G-actin is assembled into linear rods
via mDia and into branched networks via the Arp2/3 complex, and interacts with lamin structure of the nucleoskeleton. (A color version of this figure is available in the

online journal.)

share a Calponin Homology domain identical to that found
in a-actinin that bind actin with high affinity and promote
actin polymerization.'"® Through interactions with kinesin
and dyenin, nesprin on the cytoplasmic face of the nucleus
also interacts with microtubules.' The C-termini of the
nesprin proteins protrude through the outer nuclear mem-
brane via a transmembrane domain to end in a highly con-
served Klarsicht, ANC-1, Syne Homology (KASH)
domain.*® Overexpression of nesprin-mini, a nesprin
designed to lack the domains of giant nesprin that differ-
entiate it from smaller nesprins expressed throughout the
cell, decreases nuclear size.® This suggests that giant
nesprins might form a filamentous network that wraps
around the nucleus and restricts nuclear size. The KASH
domain of giant nesprin binds to the Sun proteins that span
the nuclear leaflet and emerge within the nucleus where
they bind to the inner lamin A/C network. In mammalian
cells, two isoforms, Sun-1 and Sun-2 are expressed,22 and
may determine the distance between the inner and outer
nuclear membranes.”® Structural analysis of Sun proteins
reveal that the highly homologous proteins Sun-1 and Sun-
2 form trimers which each bind a KASH peptide.?* While
not shown to be required for LINC structure, the protein
emerin is also included as part of the LINC complex, likely
participating in actin polymerization.”> Emerin’s nuclear
localization supports its role in nuclear actin assembly,
where it appears to regulate the actin dynamics important
for the gene regulation by the MKLI1-SRF transcription
factor.”® Emerin also interacts with f-catenin, playing a
role in its nuclear export.”’

Both focal adhesions and the actin polymers which
emerge to ultimately connect to other focal adhesions® or
LINC contacts on the nucleus,?® or to course over the nucle-
us as TAN lines,?® are controlled by external forces. Static
and dynamic forces affect RhoA, both through its activation

through a specific GEF, LARG.?*! Induced actin structure
thus affects cell shape and eventually nuclear shape by
altering force on the nucleus. Force transmission is largely
thought to require actin connections to LINC, for instance,
interfering with the LINC protein nesprin’s ability to bind
actin polymers untethers the nucleus from aspects of cyto-
plasmic architecture, resulting in loss of force transmission
into the nucleus.?

Importantly, the ability to sense the environment and
transmit force into the nucleus alters differentiation on
MSC. Embedded in this canon is the influential work of
Engler et al. showing that cytoskeletal sensing of substrate
force directed MSC differentiation: hard substrates pro-
mote the osteoblast cell fate and soft surfaces encourage
the adipocyte phenotype.* It has since been accepted that
genetic elements within the nucleus respond to mechanical
challenges indirectly through their transduction into inter-
mediary biochemical cascades, for instance with activation
of signals such as f-catenin® or yes-associated protein
(YAP),® both which translocate to the nucleus. Mounting
evidence suggests that applied forces might also directly
alter chromosomal conformations, thus influencing the
accessibility of genetic information for binding of transcrip-
tional enhancers or repressors.’®*” The ultimate target of
LINC connectivity and transfer of structural information
is the nuclear lamin nucleoskeleton packed against the
inner nuclear leaflet. In this way, alteration of LINC by
changes in intracellular forces is expected to modulate
gene expression. For example, depleting LINC element
Nesprin-2 disrupts the localization and reduces levels of
the heterochromatin protein HP1$*® which regulates
levels of  trimethylated  histone  (H3K9Me3).*
Heterochromatin loss mediated by decreased HP1* levels
are implicated in aging*"** and in premature aging syn-
dromes.” In yeast, deletion of the Sun analog Csm4
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unravels chromatin organization increasing its diffusivity
and preventing DNA repair.** Decreased HP1f levels in
MSCs with non-functional LINC complex suggest that a dis-
organized nucleus experiences deregulated transcription.

The ultimate target of LINC connectivity and transfer of
structural information is the nuclear lamin nucleoskeleton
packed against the inner nuclear leaflet. In this way, alter-
ation of LINC by changes in the intracellular force is
expected to modulate gene expression. For example, our
group recently reported that simulated microgravity,
which disrupts F-actin contractility,” alters nuclear mor-
phology and decreased lamin A/C as well as LINC ele-
ments.*® Conversely, protecting F-actin contractility by
applying exogenous low intensity vibrations protects the
lamin A/C and LINC expression from the effects of simu-
lated microgravity.*”

The structure of the inner nuclear leaflet
modulates its association with
silenced genes

Genes are highly organized and compacted within the
nucleus in nucleosomal units, that further assemble into
larger structures (e.g. 30-nm fiber) and chromatin loops.
In mammals, specific genes, or regions of genes, can direct-
ly interact with the nucleoskeleton at the level of DNA or
“closed” heterochromatin.*® Chromatin associated with the
inner nuclear leaflet tends to be either gene-poor or tran-
scriptionally silenced.*” Thus, genes activated during late
stages of differentiation are expected to be peripherally
localized at earlier stages of differentiation. Indeed, nuclear
architecture is rearranged during differentiation to facili-
tate transcription of specific genes.” For instance, PPAR-y
(PPARG), the master transcription factor for adipogenesis,
and other adipogenic genes are located in the nuclear
periphery in bone marrow MSCs, but move centrally in
response to an adipogenic stimulus.”’ The mechanisms
controlling such structural rearrangements of genes are
currently unknown.

The inner nuclear leaflet that harbors portions of chro-
matin in the heterochromatin state is composed of lamins,
specifically lamin B and lamin A/C. Lamin B (LMNB1) is
constitutively expressed in all cells, and is associated with
promoters of differentiation,”® while the expression of
lamins A and C, different splice variants of the LMNA
gene, is variably controlled with respect to differentiation
in mammalian cells.®> While pluripotent embryonic stem
cells do not express lamins A and C, in somatic MSCs
both types of lamins are present and tether heterochroma-
tin to the inside nuclear leaflet,>* thus have effects on chro-
matin structure and gene expression. Further, lamins
control localization of polycomb proteins, maintaining
gene repression through compartmentalization.™

The portions of chromatin associated with the lamina or
the lamina-associated domains are largely considered to be
transcriptionally repressed in a heterochromatin state.
Hence, any alterations in the nuclear lamina, e.g. in
Emery-Dreifuss muscular dystrophy, can be reflected in
aberrations in chromatin state to potentially disrupt gene
position and access by transcription factors. One study

observed that after mutation of lamin A, chromosomes 13
and 18 relocated from the nuclear periphery to the interi-
or.* Further, disruption of the inner nuclear leaflet due to
loss of lamin A/C not only has effects on chromosomal
state but can alter actin dynamics. The latter may have pro-
found effects on nuclear-cytoplasmic movement of tran-
scription factor MKL-1, suggesting that lamin A/C can
indirectly control gene expression through effects on
dynamic actin structure.

Nuclear access of transcription factors is
governed by dynamic structures in the cell

The nuclear envelope functions as a barrier to transcription
factors that shuttle from the cytoplasm to the nucleus and
back. As covered above, nuclear shape is defined by cyto-
plasmic structures that exert tension on the nucleus to con-
trol the size of nuclear pores.”” Actin, through binding to
LING, is part of this structural network. Actin structure can
also influence the activity of transcription factors through
their sequestration or release. Currently, the most data
available in this regard is for the mechanically active tran-
scription factor YAP, which is released by polymerized
cytoplasmic actin to be transported into the nucleus.”
The nuclear entry of YAP stimulates multicellular growth
of organs.®® Exit of transcription factors from the nucleus
leading to decreased target expression can also be regulated
by changes in cytoplasmic actin, for instance, MKL1 trans-
port from the nucleus to bind actin monomers in the cyto-
plasm appears to remove constraints on PPARG to promote
adipocyte lineage commitment.” Hence, actin structure
external to the nucleus clearly affects many types of control
on gene expression by allowing for import and export of
transcription factors.

Transcription factor f-catenin (CTNNB1) must enter the
nucleus to affect genes involved in lineage. f-catenin lacks a
classical nuclear localization signal, and is thought to
directly interact with Nuclear Pore Complexes (NPCs)
during nuclear entry.®® This nuclear import of f-catenin is
likely to be preceded by its ability to form complexes with
the LINC component nesprin at the nuclear envelope,®
suggesting that the cell cytoskeleton interacts with the
LINC complex to provide a scaffold to localize f-catenin
in close proximity to NPCs. Consistent with a potential reg-
ulatory role of LINC complexes for fi-catenin nuclear trans-
fer, progeroid mutations involving LINC and
nucleoskeleton elements® are marked by increased adipo-
genic infiltration in musculoskeletal tissues indicating
reductions in Wnt activity and cellular f-catenin.®®

Our laboratories have directly addressed how structural
LINC complexes regulate f-catenin trafficking into the
nucleus. Initial studies revealed that depletion of the
LINC components Sun-1 and Sun-2 causes Nesprin-2 dis-
location from the nuclear envelope and disrupts focal
adhesion kinase (FAK/PTK2) signaling due to loss of
actin tethering to nesprin.® We next found that both
mechanical and soluble factor activation of f-catenin,
each requiring the intermediary step of GSK3f inactivation,
led to f-catenin association with the nucleoskeleton. This
association preceded localization of f-catenin in the soluble



nuclear compartment.® Interestingly, KASH-less isoforms
of nesprin also form complexes with f-catenin at cell-cell
junctions and can regulate f-catenin availability in the
cytoplasm.®® To address the possibility that LINC connec-
tions were involved in fi-catenin trafficking, we co-depleted
LINC elements Sun-1 and Sun-2 to find that loss of Sun
proteins prevented ff-catenin’s association with the nucle-
oskeleton. In the absence of nucleoskeletal association,
f-catenin nuclear entry was reduced, resulting in decreases
in nuclear f-catenin levels and expression of the known
f-catenin target Axin-2.%° As such, not only does cytoskel-
etal structure, which is subject to regulation by dynamic
and static external mechanical factors, impose a cytome-
chanical checkpoint at the level of LINC complexes to reg-
ulate f-catenin access to the inner nucleus but the insoluble
structural nucleoskeleton also actively participates in -cat-
enin dynamics.

Convergence of signaling molecules and cell
actin structures to control gene expression

The same proximal strain-activated pathway that leads to
inhibition of GSK3f and preservation of f-catenin® is also
involved in regulating actin polymerization through
RhoA."® Similarly, both f-catenin and increased F-actin
are associated with decreased adipogenesis from
MSCs.*"*” As such we became interested in parsing control
of differentiation as resulting from either the cytoskeleton
or signaling cascades. In a study aimed at separating effects
of f-catenin from that of cytoskeletal regulation of differen-
tiation, we disrupted the MSC cytoskeleton using continu-
ous cytochalasin D over the several days necessary to
induce differentiation from the multipotent state,'**®
Expecting that reduced cytoskeletal structure induces
MSCs to enter the adipogenic lineage,*® we instead found
that marrow-derived MSC rapidly and robustly entered the
osteogenic lineage, eventually mineralizing with formation
of hydroxyapatite.®” This osteogenic response to continu-
ous cytochalasin D was replayed in MSCs derived from
adipose depots”™ and even occurred in the absence of oste-
ogenic medium (which promotes the osteogenic gene pro-
gram through ascorbate-directed formation of an
extracellular matrix). Importantly, injection of the tibial
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space with cytochalasin D led to abundant formation of
and cortical bone by one week in live mice.*’

To understand the mechanism leading to rapid MSC dif-
ferentiation, we noted that cytochalasin D actin disruption
resulted in mass transport of cellular actin into the nucleus.
After CytoD treatment, stress fibers disassembled and
accumulated in the nucleus within 30 min.®° Visually,
there is a profound alteration in nuclear structure after
actin polymerization, with increased height, partially due
to loss of LINC connectivity, and in part due to increased
nuclear actin (Figure 2). Actin transport into the nucleus is
dependent on the level of monomeric actin substrate and
the co-transporters importin-9 and the actin binding pro-
tein cofilin-1.”* Knock out of either importin-9 or cofilin-1
prevented actin translocation into the nucleus and most
tellingly, prevented osteogenesis altogether. In sum, the
depolymerized actin state induced by cytochalasin D pro-
foundly affects gene expression,”* promoting differentia-
tion, with osteogenesis of MSC outpacing adipogenesis
(Figure 3).

Interestingly, f-catenin might eventually be found to be
indirectly involved in controlling actin state through its
association with o-catenin in cadherin junctions.”” a-catenin
does not bind both f-catenin and actin at the same time,”*
thus presumably when f-catenin is “activated” and moves
toward the nucleus, a-catenin is freed from sequestration
and dimerizes. In this state, it can suppress Arp2/
3-mediated actin branching. As such, activating f-catenin
may indirectly contribute to cytoplasmic actin structure by
promoting o-catenin’s bundling of linear actin.”

Intranuclear actin affects gene expression

Actin is known to play a role in gene transcription, at the
very least through altering chromatin architecture”® and
transcriptional processes.”””® This certainly provides a
solid teleological rationale for why actin nuclear transport
is tightly regulated.”” Further, as discussed above, nuclear
shape is controlled through the tethering of the nuclear
membrane within the cell through cytoplasmic cytoskeletal
connections to the LINC complex."” Importantly, LINC
complex connects to internal nuclear chromatin, such that
changes in nuclear shape are thought to be able to modulate

CTL

CytoD

Figure 2. Nuclear changes after depolymerizing actin. Confocal images of MSC before and after treatment with cytochalasin D. Nuclear height is increased due to
CytoD which untethers LINC from cytoplasmic actin and causes actin transfer into the nucleus. As CytoD does not enter the nucleus, there is an increase in intranuclear
F-actin. F-actin is green, stained with phalloidin, lamin B is stained with red, Scale bars =25 um. (A color version of this figure is available in the online journal.)
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Figure 3. Nuclear actin controls MSC differentiation. Cytochalasin D treatment of MSC causes rapid cofilin/importin-9 dependent transfer of G-actin into the nucleus.
Actin elongation inside the nucleus supports both osteogenesis and adipogenesis, while secondary branching of actin polymers is specifically necessary for oste-
ogenic differentiation. (A color version of this figure is available in the online journal.)

gene silencing and activation through regulating the inter-
nal nucleoskeleton, largely made up of lamin.”® The idea
that intranuclear actin itself may participate in structural
rearrangements of chromatin and heterochromatin is an
exciting new concept that deserves consideration in mech-
anistic models for lineage commitment of stem cells.

In addition to its monomeric form, intranuclear actin
also exists in filamentous forms””® and as actin-cofilin
rods.®! Polymerized actin is likely the minority of intranu-
clear actin, but turns over rapidly®* suggesting a suscepti-
bility to dynamic control. The role of intranuclear actin and
actin-based structures in controlling gene transcription is
poorly understood.® In our studies of MSC treated with
cytochalasin D, we were able to see phalloidin staining
within the nucleus, a sign of actin bundling.®
Intranuclear actin is protected from the depolymerizing
effects of cytochalasin D, since this fungal metabolite is
not transferred into the nucleus.?’> Moreover, a rise in intra-
nuclear actin concentration, such as that seen with cytocha-
lasin D treatment, should promote substrate-regulated
polymerization.? Interestingly, one of the few genes that is
consistently upregulated by cytochalasin D is Vestigial-Like
4,7 a regulator of the Hippo pathway that controls the inter-
actions of YAP and TAZ with TEAD transcription factors.

Importantly, within the nucleus are to be found all the
generally accepted members of the actin tool box that allow
polymerization and depolymerization of actin mono-
mers.*® These components include the formins which cata-
lyze end-on-end actin polymerization as well as key
members of the Arp2/3 complex necessary for initiating
secondary branching.®” Several reports indicate that the
polymerized state of intranuclear actin guides targeting of
some transcription factors. For instance, MLK1 (i.e. MAL)
binds monomeric actin in the nucleus thereby preventing
its binding to and co-activation of serum response factor.”®
Upon exposure to serum, MLK1 shuttles into the nucleus.
Once inside, formin activated actin polymerization ensures

MLK1 retention where it promotes serum-induced tran-
scriptional responses.

Polymeric actin also influences differentiation of mes-
enchymal stem cells. Progression into the osteogenic line-
age requires the master osteogenic transcription factor,
RUNX2, which although present within the nucleus,
does not actively interact with its target cistrome until
the MSC is induced to leave the multipotent state and
enters osteogenesis.” The PY motif of RUNX2 has been
previously shown to recruit YAP to RUNX2 binding sites
at heterochromatin, where its presence represses RUNX2
activity.®® Our data suggest that RUNX2 activation may be
regulated through nuclear availability of YAP, consistent
with previous studies.”” Another possibility is that internal
nuclear structure itself controls heterochromatization, a
mechanism supported by the binding of lamin A/C to
DNA causing specific silencing, perhaps through recruit-
ing polycomb complexes.*””

Actin in the nucleus has also been directly implicated in
gene transcription because of its association with RNA
polymerase II. Nuclear actin co-localizes with and can be
immune-precipitated along with RNA polymerase 1.7
Further, it was observed that removing the pool of mono-
meric nuclear actin by polymerizing monomers into fila-
mentous forms disrupted gene expression and global
transcription.”” Monomeric actin may also exert some of
its activity by interacting with proteins in the histone deace-
tylase 1 (HDAC1) complex. In one study, increased concen-
trations of monomeric actin limits HDAC function, while
loss of the monomeric pool to polymeric actin filaments
allowed for a greater HDAC activity which could potential-
ly reduce transcription.”® In yeast, monomeric actin has
also been observed in the chromatin remodeling complex
INO80 along with Arp4, Arp5, and Arp 6, and as a complex
may be involved in gene transcription.””** As such, the
intranuclear state of actin controls not only availability of
genes to their transcription factors but transcription itself.



Inhibition of actin polymerization also reduces subtelo-
meric dynamics, suggesting actin structure protects telomere
integrity.** Furthermore, Sun-1 and the sheltering subunit
RAP-1 mediate physical tethering of telomeres to the nuclear
envelope during postmitotic genome reorganization,” sug-
gesting that nucleoskeletal composition imposes a powerful
influence on telomere function and maintenance. As telo-
meres protect chromosomal termini from being processing
as “damaged” DNA fragments,” it is possible that force
induced changes in nucleoskeletal composition and architec-
ture contribute to stem cell tissue regeneration.

Conclusions

The nucleus itself is not a compartment that merely con-
tains genetic information. Rather, it is a full participant in
cell behavior and function, with an internal nucleoskeleton
subject to regulation by external forces. Gene expression in
MSCs is dependent on the nucleoskeleton allowing access
of transcription factors to cistromic targets required for
acquisition of cell phenotype. Mechanical forces, transmit-
ted through the nuclear membrane via LINC complexes,
not only modulate the inward flow of active transcription
factors but also control heterochromatization. In the cyto-
plasm, actin is critical to the cytoskeletal scaffolding that
transmits force into the nucleus and regulates nuclear
shape. Mounting evidence suggests that structural ele-
ments of the nucleoskeleton are themselves dynamic.
Along with changes in lamin shown during stem cell dif-
ferentiation, the presence of actin-modifying enzymes
within the nucleus indicates that intranuclear actin poly-
merization is subject to regulation. Dynamic actin polymer-
ization is likely to change gene availability by directly
altering how nucleoskeletal lamins are arranged and
through direct effects on chromosomal structure. We con-
clude that dynamic actin modifications alter the nuclear
landscape and that nuclear actin structure is a key architec-
tural parameter that supports and regulates gene expres-
sion and stem cell differentiation.
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