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Abstract

Marrow mesenchymal stem cells supply bone osteoblasts and adipocytes. Exercise effects to
increase bone and decrease fat involve transfer of signals from the cytoplasm into the nucleus to
regulate gene expression. We propose that exercise control of stem cell fate relies on structural
connections that terminate in the nucleus and involve intranuclear actin structures that regulate
epigenetic gene expression.
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Introduction

Exercise is known to be salutary to a host of physiological systems, improving quality and
quantity of life through effects on musculoskeletal, metabolic, and neural functions at the
very least. As such, exercise is a cornerstone of treatments for osteoporosis, obesity, diabetes
— and even aging — conditions which are accompaniments of life in the 215t century.

Obesity and osteoporosis appear as antipodal body types. In the first, improvements due to
exercise are largely thought to arise due to energy expenditure causing a decrease in fat
depots, thereby improving associated metabolic derangements. In the low bone density of
osteoporosis, patients are, in contrast, characteristically thin. Here load bearing exercise is
thought to improve bone formation and limit bone resorption through effects on the output
from the mesenchymal and hematopoietic precursors of the osteoblast and osteoclast
effector cells (1). Because bone marrow mesenchymal stem cells (MSC) in adults give rise
to the osteoblasts and adipocytes found in bone, recent research has considered a strategy
which states that limiting the output of adipocytes from MSC should improve the pool of
osteoblasts, thereby improving osteoporosis (1).

Exercise induced signaling involves transfer of signals - both mechanical and biochemical -
from the plasma membrane into the nucleus via the LINC (Linker of Nucleoskeleton and
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Cytoskeleton) complex (2). Penetrating the inner nuclear membrane, the SUN protein
components of LINC connect to the main structural components of the nucleoskeleton,
lamin and chromatin. Lamin regulates gene expression via epigenetic control through as of
yet unknown mechanisms and its absence promotes adipocyte differentiation (3). Current
thinking holds that these dynamic physical structures in the MSC translate physical signals -
both dynamic (exercise) and static (e.qg., stiffness) - from the local environment into
regulatory signals that control cell fate. We hypothesize that actin structures, outside and
within the nucleus, not only support cytoskeletal and nuclear architecture, but contribute
substantively to control of gene expression and MSC fate selection (4, 5).

Reciprocal relationship of bone marrow osteoblasts and adipocytes

The primary output of bone marrow MSC include the bone osteoblast and the bone marrow
adipocyte, the latter which serves an unclear function that might include energy storage (6).
Bone marrow MSC output appears to reflect a reciprocal relationship between these
osteoblast and adipocyte lineages. The reciprocity of fat and bone in the marrow is apparent
in the case of the constitutive Lrp5 activation associated with high bone mass (7), where
increased trabecular bone is accompanied by decreased fat in bone marrow (8). Further,
possessing but a single allele for the fat master transcription factor PPAR-y, results in an
increased bone mass as adipocytes are diminished (9). Such reciprocity also pertains in the
increased fat phenotype in the leptin null ob/ob mouse as well as in the fatless A-ZIP/F-1
mouse, with decreased and increased bone mass, respectively (10).

Likewise, in pathological states a proportionality ratio between osteoblasts and adipocytes
appears to predict bone and fat mass in the skeleton (11). Such a zero sum game includes the
osteoporosis that accompanies aging (12) and estrogen deficiency (13). PPARy agonists lead
to increases in marrow adipocytes while diminishing bone strength in aged mice and humans
(14). A lack of exercise restrains osteogenesis, and favors accrual of marrow adipose (15). In
this way, the output of the marrow MSC suggests a response to signals that promote one
output while suppressing the other.

Exercise/mechanical factors limit adipocyte differentiation

Exercise is a salutary factor known to generate bone anabolism (16) and increase muscle
mass (17) through alteration of stem cell output. With regard to bone progenitor cells in the
bone marrow, load bearing exercise generates forces within medullary cavities via at least
fluid flow and compression of surrounding and interspersed bone, and can be expected to be
experienced directly and/or indirectly whereby sensing cells transmit directions to the bone
marrow stem cells through humoral factors (18, 19).

Concentrating on how exercise generated mechanical signals modulates MSC
differentiation, our lab has shown that mechanical input delivered via substrate stretch -
resulting in cell strain - effectively counteracts an adipogenic stimulus, inhibiting
adipogenesis of primary marrow derived MSCs and embryonic C3H10T1/2 MSCs (20) as
evidenced by reduction in lipid and expression of PPAR+y and adiponectin. Mechanical
repression of adipogenesis depends on preservation of Bcatenin activity which is effected via
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inhibition of GSK3p (21). Mechanical activation of Bcatenin preserves MSC
multipotentiality (22) in the face of adipogenic stimuli, and promotes accelerated
osteogenesis in response to BMP2 (20). The anti-adipogenic effect of mechanical force is
Bcatenin dependent: Bcatenin knockdown limits the ability of strain to prevent adipogenesis.

In vivo, running exercise also prevents not only generalized adipogenesis, certainly by
promoting energy utilization, but also prevents expansion of marrow adipose tissue mass.
Marrow adipose accumulation due to high fat diet or PPARy agonist can be suppressed by
daily running exercise in mice (6, 23), and exercise suppression of MAT expansion occurs
simultaneously with new bone formation (6). Our findings that running exercise decreases
marrow fat in young and old mice fed either a control or high fat diet (6) indicate that
exercise might shrink marrow adipocyte size by energy use, and also suggests that force
experienced in local skeletal bone during exercise might bias MSC away from
environmental stimuli that promote adipogenesis. That exercise can also decrease marrow fat
induced by the strong PPAR~y agonist, rosiglitazone, which promotes fat cell differentiation
in vitro (22, 24), supports that mechanical signaling inhibits fat cell development in the
whole animal (23). The predominant effect of maintaining Bcatenin in marrow derived MSC
is preservation of multipotentiality, thus increasing osteogenic potential (22). In this way,
exercise may represent a non-energy based mechanism to prevent fat development.

Cellular effects of physical force are transmitted through cytoskeletal

elements

To understand the signaling responsible for preventing adipogenesis, our targets moved
proximally from the GSK3p/Bcatenin signaling node toward the plasma membrane, where
the tug of substrate stretch is transmitted into the cell through integrins clustered into focal
adhesions (Figure 1). Such focal adhesions, which connect the external substrate to bundled
actin inside the cell (22), are critical to propagation of the strain-activated Bcatenin signaling
cascade: focal adhesion kinase operating in conjunction with Fyn to activate mTORC2,
which then initiates the signal cascade of TAkt— JGSK3B— *Bcatenin (21, 26). At the
same time, in a parallel signaling pathway where Akt stimulates RhoA, we showed that
strained cells develop significant bundled actin struts (F-actin) connecting new focal
adhesions from the plasma borders (25, 27). That insulin also stimulates the mTORC?2 signal
pathway, yet does not stimulate RhoA, points to the importance of compartmentalization of
signals in cells, and perhaps as well to the periodicity of the incoming signal (25). The
enhanced cytoskeletal structure promotes MSC disposition into lineages which supply tissue
competence (i.e., bone, cartilage), perhaps the cellular basis whereby dynamic physical
exercise also reinforces the skeleton (28).

Recent work also identifies the nucleus, and its membrane, as mechanosensory organelles,
whereby anchoring to the cytoskeleton via Linker of Nucleoskeleton and Cytoskeleton (the
LINC complex) complexes enables transmission of mechanical force from the outside
inwards (29). We have further shown that cellular connectivity provided by these LINC
complexes to be critical for activating FAK signaling at focal adhesions (2). This suggests
that LINC-mediated connectivity may enable force propagation within the cell to activate
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mechanosignaling. Further, LINC connectivity appears to be dynamically regulated at both
sides of the nuclear membrane. For example, a diaphanous formin FHOD1 (Formin
Homology 2 domain containing 1) interacts with one form of many nesprins, nesprin-2, a
force-bearing and actin binding element of LINC, and form secondary structures between
actin and nesprin (30) to strengthen the nuclear connectivity. Similarly, formation thick actin
fibers on the nuclear surface recruit LINC complexes to indentation sites (31) and cause
Lamin A/C to accumulate at those sites inside the nuclear envelope. In this way, mechanical
signals have the potential to further regulate connections between the nucleus and the cell
cytoskeleton, generating a complementary level whereby mechanical input can control cell
behavior.

Importantly, the LINC complex connects to internal nuclear chromatin, such that changes in
nuclear shape are thought to be able to alter gene silencing and activation through regulating
the internal nucleoskeleton, largely made up of lamin (32) through both force mediated
geographies (33) and interaction with transcription factors (34) and signaling effectors (35).
Recent findings suggest that the loss of LINC-mediated mechanical connectivity interferes
with the changes in nuclear shape in response to substrate rigidity as well as the substrate
rigidity-regulated epigenetic control in MSCs which are modulated by adaptations in
nucleoskeletal Lamin A/C (36).

Interestingly, beyond intermediate filament family proteins which include Lamin A/C, the
nucleus is rich with actin cytoskeleton related proteins which are capable of forming
polymerized structures in a LINC-dependent manner (37). The possibility thus presents
itself that intranuclear actin might also participate in structural rearrangements of chromatin
and heterochromatin. To this end, we disrupted the MSC cytoskeleton using continuous
cytochalasin D over the several days necessary to induce differentiation from the
multipotential state. Expecting that this would induce adipogenesis, we found instead that
MSC rapidly and robustly entered osteogenic lineage (5). Such osteogenesis occurred even
in the absence of osteogenic medium generally used to promote the osteogenic gene
program through ascorbate-directed formation of an extracellular matrix. Finally, 10 days
after cytochalasin D actin disruption, cultured cells formed bone nodules that intensely
stained with alizarin red (5). Sustained F-actin disruption similarly induced osteogenic
differentiation of human marrow derived MSC (5).

While it now accepted that genetic elements within the nucleus respond to mechanical
challenges indirectly via force transduction into intermediary biochemical cascades, it has
only recently been considered that applied forces might also directly alter chromosomal
conformations, thus influencing the accessibility of genetic information for binding of
transcriptional enhancers or repressors (38). Indeed application of force to the cell surface
has been shown to directly control gene expression (34). Inside the nucleus, structure is
supported by a lamin network that makes up the internal nuclear scaffold (39). Chromatin is
arranged on the Lamin scaffolding, in many cases leading to silencing of gene expression
through heterochromatization. Lamin is further directly connected to the inter-leaflet LINC
Sun proteins, and thereby is subject to cytoskeletal tension. That external force might control
heterochromatization is consistent with force induced gene rearrangement (32). This
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suggests a new and unstudied area to explain how mechanical force might alter gene
expression: through force directed control of nuclear structural elements.

MSC: epigenetic plasticity and programmatic silencing

Marrow derived MSC in culture, by virtue of the historical bone marrow environment from
which they were derived — including the physical components of bone loading - have already
begun progression toward the osteoblast lineage (40). To readjust, and progress toward
adipogenic lineage instead, requires a chromatin conformation that allows the master fat
transcription factor, PPARg, to access its effective cistrome. This suggests that the nuclear
structure that permits access to previously silenced gene targets is crucial to differentiation.

How might intranuclear actin and lamin structures influence gene transcription? For
osteogenesis, progression further in the osteogenic lineage requires the master osteogenic
transcription factor, Runx2, to interact with its target cistrome (40). The PY motif of Runx2
has been previously shown to recruit YAP to Runx2 binding sites at heterochromatin, where
its presence represses Runx2 activity (41). Our data suggest that Runx2 activation may be
regulated through nuclear availability of YAP (5). 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 recruiting polycomb
complexes (42). A structural level of gene expression is supported by our finding that actin
polymerization occurs within the nucleus (5), and our finding that osteoblastogenesis
depends on Arp2/3-induced secondary branching (4).

In terms of adipogenic differentiation, the loss of lamin leads to adipocyte differentiation in
musculoskeletal tissue (43). Our data shows that an absence of branched (Arp2/3 dependent)
actin structures contributes to adipogenesis (4). The gene loci that control adipogenic
commitment move from a silenced state at the nuclear periphery to the center region of the
nucleus to be activated and cause adipogenic commitment (44). As such, unbranched actin
filaments may induce movement of adipogenic genes away from the nuclear periphery.

Mechanical control of gene arrangement within the nucleus

As a continuous polymerized network, nuclear lamina provides a framework to organize and
regulate DNA (Figure 2). For example, diseases due to mutations in nuclear lamin and lamin
associated proteins such as progeria (45) and muscular dystrophy cause redistribution of
chromatin, altering expression patterns. Changes in nuclear envelope composition due to
deletion of lamin A/C or the lamin B receptor (LBR), both which contribute to
heterochromatin positioning, lead to changes in gene expression in myoblasts (46). How
intra-nuclear structure is maintained by lamina, nuclear actin and the nuclear envelope, and
how the whole contributes to the cellular physiology, is an area of increasing study. Indeed,
interest in the interaction of telomeres with the nucleoskeleton and intranuclear actin has
shown that such structural connections are critical for cell functions. With regard to
intranuclear actin, inhibition of actin polymerization reduces subtelomeric dynamics,
suggesting actin structure also protects telomere integrity (47). As well, during post mitotic
genome reorganization Sun-1 and the sheltering subunit RAP-1 mediate physical tethering
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of telomeres to the nuclear envelope (48), suggesting that nucleoskeletal composition
imposes a powerful influence on telomere function and maintenance. As telomeres protect
chromosomal termini from being processing as “damaged” DNA fragments, (49), it is
possible that exercised induced changes in nucleoskeletal composition and architecture
could combat aging.

Interestingly, dynamic mechanical signals generated during moderate to vigorous load
bearing exercise have been associated with salutary effects on telomere shortening at the
cellular level in some tissues (50). While the possible mechanisms by which exercise may
control telomeres remains to be explored, we recently showed that the application
mechanical signals increase expression of LINC elements in mesenchymal stem cells (2).
This suggests that mechanically-induced changes in nucleoskeletal architecture might
underlie some of exercise effects to protect telomere length.

Conclusion: Force modifies the nuclear landscape

Growing evidence supports that gene expression in multipotential stem cells is dependent on
nuclear structures that permit access of transcription factors to cistromic targets required for
acquisition of cell phenotype. Nuclear structure appears to control heterochromatization as
well as sequestration and transport of transcription factors. For example, the lamin
nucleoskeleton silences genes through associated binding domains. The arrangement of
lamin at the periphery of the nucleus, where genes tend to be silenced within massed
heterochromatin, is modulated by tension transmitted from the periphery of the cell, where it
is connected to its substrate via focal adhesions. In the cytoplasm, actin is critical to the
cytoskeletal scaffolding that transmits force into the nucleus and regulates nuclear shape,
thus participates in gene expression. As noted, we have found that actin structures within the
nucleus may be able to provide a level of control for gene expression which can modify, or
even circumvent, the need for extra-nuclear structure. As such, we propose that actin
polymerization withinthe nucleus also affects gene expression through controlling
availability of genes to their transcription factors, as well as providing anchors for telomere
repair (Figure 2). As actin polymerization is a dynamic process, and responds to mechanical
force, the transport of actin monomers into the nucleus, and their active reassembly within,
are likely to play a role in the mechanical control of cell lineage.

In sum, our work has shown that mechanical force generated through dynamic loading of
mesenchymal stem cells affects actin polymerization in the cell cytoplasm through affecting
specific signal transduction pathways. Cytoplasmic actin structure in turn affects nuclear
shape and gene expression. Our studies of mechanical control of actin structure have
identified a new role for actin polymerization in controlling gene expression within the
nucleus.
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This article presents a hypothesis regarding exercise control of mesenchymal stem cell

fate.

Summary
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Key Points

. Growing evidence supports that gene expression in multipotential stem cells
is dependent on nuclear structure, which allow access of transcription factors
to cistromic targets that define cell phenotype.

. Nuclear structure is affected by force connections transmitted from focal
adhesions at the cell membrane through actin bundles to LINC elements on
the nuclear membrane. Such connectivity underlies force induced
rearrangements of the intranuclear landscape.

. As actin polymers are critical to transfer of force from cytoskeletal
scaffolding into the nucleus - and actin polymerization is dynamic and
responds to mechanical force — we hypothesize that the transport of actin
monomers into the nucleus, and their reassembly within the nucleoskeleton,
may be critical to mechanical control of cell lineage.
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adipocyte osteoblast

Figure 1. Signal pathway involved in strain regulated MSC fate decisions
Two complementary pathways emerge after Akt is phosphorylated by mTORC2 after strain

in MSC. One of these protects Bcatenin from proteasomal degradation, and the other leads to
activation of RhoA and actin structure. Both are anti-adipogenic, and may enhance
osteogenesis.
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Figure 2. Hypothesis: Nucleoskeleton as a structural and regulatory organelle
The schematic shows the nuclear envelope, nucleoskeleton and their binding partners that

potentially play a role in MSC fate selection as well as facilitating the mechanical coupling
between cytoplasmic and nuclear cytoskeletons. LINC complexes composed of Sun trimers
and Giant Nesprin mechanically couple the actin cytoskeleton. For simplicity giant nesprin
isoforms were indicated as nesprin and sun trimers were drawn as monomers. Mechanical
coupling of actin and LINC involves a cytoplasmic formin FHOD1 that attaches nesprin and
actin at multiple points for a more robust association. Torsin A may also facilitate the LINC
assembly at the nuclear envelope. Inside the nucleus, G-actin is assembled into linear rods
via mDia and into branched networks via the Arp2/3 complex, both of which can regulate
availability of transcription factors and chromatin positioning. Sunl directly binds to nuclear
pore complexes as well as with RAP-1 to localize telomeres to the nuclear envelope.
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.
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