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ACTIN UP IN THE NUCLEUS: REGULATION OF
ACTIN STRUCTURES MODULATES MESENCHYMAL
STEM CELL DIFFERENTIATION

JANET RUBIN, MD, and (by invitation) BUER SEN, MD

CHAPEL HILL, NORTH CAROLINA

ABSTRACT

Stem cells respond to environmental signals that induce their differen-
tiation to cells that make up specialized tissues and organs. Our labora-
tory has focused on bone marrow mesenchymal stem cells (MSCs) that
supply bone osteoblasts and marrow adipocytes, an output that appears to
be reciprocal. Case in point: exercise promotes osteogenesis and bone for-
mation, and inhibits marrow adipose accrual. A mechanically induced sig-
nal pathway concentrating on preserving B-catenin also causes increased
structure of the actin cytoskeleton, both of which inhibit adipogenesis.
Recently we showed that intranuclear actin is as important to MSC lin-
eage decisions as cytoplasmic actin. This opens up new areas for under-
standing gene expression in stem cells.

INTRODUCTION

Cells respond to both chemical and physical information to guide
their differentiation and function. In the case of stem cells, signals
from the micro- and macro-environments coalesce to either preserve
stemness or to initiate a specific process of differentiation with over-
all goals of generating and adapting functional tissues. In our labora-
tory, we have focused on bone marrow mesenchymal stem cells (MSCs),
progenitors for the differentiated cell types required for construction
and maintenance of the skeleton. The primary output of bone marrow
MSCs include the bone osteoblast of which a small proportion when
enclosed in mineralized matrix become bone osteocytes (1), and the
bone marrow adipocyte, which serves an as yet unclear function that
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might include provision for local energy storage (2). Bone marrow MSC
output appears to reflect a reciprocal relationship between osteoblast
and adipocyte lineages. The reciprocity of fat and bone in the marrow is
apparent in the case of the constitutive low-density lipoprotein receptor-
related protein 5 (Lrp5) activation associated with high bone mass (3),
where increased trabecular bone is accompanied by decreased fat in
bone marrow (4). Furthermore, possessing a single allele for the fat
master transcription factor peroxisome proliferator activated receptor y
(PPARY) results in an increased bone mass as adipocytes are dimin-
ished (5). Such reciprocity also pertains in the increased fat phenotype
in the leptin null obese (ob/ob) mouse as well as in the fatless A-ZIP/F-1
mouse, with decreased and increased bone mass, respectively (6). It
thus seems reasonable to equate increased marrow adipose cells with
decreased bone formation.

In pathological states, a proportionality ratio between osteoblasts
and adipocytes appears to predict bone and fat mass in the skeleton.
Such a zero sum game includes the osteoporosis that accompanies
aging (7), estrogen deficiency (8), and likely that of anorexia nervosa
(9). PPARy agonists lead to increases in marrow adipocytes while
diminishing bone strength in aged mice and humans (10). Further-
more, in rodents, high fat diets which increase total fat mass may lead
to reduced bone mineral density (BMD), at least insofar as adjusted
for the bone mass needed to adequately support the increased body
weight (11,12). Finally, a lack of exercise restrains osteogenesis and
favors marrow adipose accrual (13,14). In this way, the output of the
marrow MSC suggests a response to signals that promote one output
while suppressing the other.

EXERCISE STIMULATES BONE AND REPRESSES
MARROW FAT IN VITRO AND IN VIVO

Our laboratory has concentrated on understanding how exercise,
or dynamic loading, regulates MSC differentiation both by inhibiting
adipogenesis and stimulating osteogenesis. Over the last few years we
have shown that mechanical signals directly regulate MSC lineage. Daily
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
(15,16) as evidenced by reduction in lipid and expression of PPARy
and adiponectin. Mechanical repression of adipogenesis depends on
preservation of B-catenin activity which is affected via inhibition
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of GSK3[B (17). Mechanical activation of B-catenin preserves MSC
multipotentiality (18) in the face of adipogenic stimuli, and promotes
accelerated osteogenesis in response to bone morphogenetic protein-2
(BMP2) (16). The anti-adipogenic effect of mechanical force is B-catenin
dependent: B-catenin knockdown limits the ability of strain to prevent
adipogenesis (Figure 1A).

In vivo, exercise also prevents not only generalized adipogenesis, likely
by promoting energy use, but also prevents expansion of marrow adipose
tissue mass. Marrow adipose tissue (MAT) accumulation due to high fat
diet or PPARy agonist can be suppressed by daily exercise in mice (2,19),
and exercise suppression of MAT expansion occurs simultaneously with
new bone formation (20,21). Our findings that running exercise decreases
marrow fat in young and old mice fed either a control or high fat diet
(2) indicates that exercise might shrink marrow adipocyte size by energy
use, and also suggests that force experienced in local skeletal bone during
exercise might bias MSCs away from environmental stimuli that promote
adipogenesis. That exercise can also decrease marrow fat induced by the
strong PPARYy agonist, rosiglitazone, which promotes fat cell differentia-
tion in vitro (18,22), supports that mechanical signaling inhibits fat cell
development in the whole animal (19). In this way, exercise may represent
a non-energy based mechanism to prevent fat development.
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Fic. 1. Force activated signaling prevents adipogenesis of mesenchymal stem cells
(MSCs). (A) Cartoon showing signaling pathways important for reciprocal differentia-
tion of adipocytes and osteoblasts. (B) Strain induces cytoskeletal connectivity with
F-actin (green) linking focal adhesions (vinculin in orange). (C) Graphic showing that
strain causes the recruitment of focal adhesion molecules into clusters which support
enhanced signal density.
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To fully understand the signaling responsible for preventing adipo-
genesis, our studies moved proximally from the GSK3[/B-catenin sig-
naling node toward the plasma membrane, where the tug of substrate
stretch is transmitted into the cell through integrins clustered into
focal adhesions. Such focal adhesions connect the external substrate to
bundled actin inside the cell (23). We were able to show that the strain-
activated B-catenin signaling cascade is propagated at focal adhesions
through recruitment of focal adhesion kinase operating in conjunction
with Fyn to activate mTORC2, which then initiates the signal cascade
of TAkt— LGSK3B— TB-catenin (17,24) (Figure 1A). The predominant
effect of maintaining B-catenin in marrow derived MSC is preservation
of multipotentiality, thus increasing osteogenic potential (18).

Occurring within the same time frame required for B-catenin activa-
tion, we showed that strained cells develop significant bundled actin
struts (F-actin) that connect new focal adhesions to each to span the
cell area (25) (Figure 1B). It has been reported that greater cytoskel-
etal structure enhances MSC differentiation into lineages supplying
tissues with greater mechanical competence (i.e., bone, cartilage). As
such, substrate stiffness, translated into enhanced cytoskeletal struc-
ture, promotes osteoblastic differentiation (26). This suggested that a
complementary mechanical regulator of cell differentiation, along with
B-catenin, might be the structural cytoskeleton itself.

FROM FOCAL ADHESIONS TO BUNDLED
ACTIN FIBERS

Rearrangement of focal adhesions and their interconnecting fila-
mentous actin (F-actin) struts induced by dynamic strain leads to
amplification of signal generation (27). At the interface between the
basal substrate and adjacent cells, the plasma membrane uses specific
structural proteins to transduce force into biochemical signals. These
structural proteins gather together to form focal adhesions, which
span the cell membrane and connect the extracellular matrix to the
actin cytoskeleton. Focal adhesions also serve as hubs for the recruit-
ment and clustering of signaling molecules, where the combination of
force transmission and signal transduction result in further cytoskel-
etal remodeling (25). Focal adhesion development requires activation
of RhoA, a process that we found used the same proximal signaling
tool box as that resulting in GSK3p inhibition and B-catenin preserva-
tion: here FAK/Fyn activation of mMTORC2 and subsequently Akt was
necessary for strain induce RhoA activation (27,28). Importantly, the
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absence of Rictor, the regulatory protein that differentiates mTORC2
from mTORC1 (29), affects both the basal cell cytoskeleton (30) and
the ability of the MSC cytoskeleton to respond to mechanical load (27).
Investigating a potential role of mMTORC2 in marrow-derived MSC cell
differentiation, we found that deleting mTORC2 function in cells by
knocking down Rictor leads to adipogenesis. Accordingly, Rictor knock-
out mice were recently shown to have reduced skeletal mass (31).

An important result of focal adhesion development through dynamic
strain is the enhancement of signaling. We found that a second daily bout
of mechanical strain caused an augmented signal pathway as shown by
increased phospho-Akt, GSK3 inhibition, B-catenin preservation, and,
when repeated twice daily over the 4 days necessary for adipocyte differ-
entiation, significantly enhanced the ability of strain delivery to repress
adipogenesis (25). The source of such enriched signaling is dependent on
the generation of focal adhesions: the subsequent recruitment of FAK
and Akt to the focal adhesions allows a second or third bout of strain to
respond to force with increased signal density (Figure 1C).

CYTOSKELETAL DETERMINANTS OF MSC
DIFFERENTIATION CHOICES

The cell cytoskeleton, which participates in signal transduction,
protein transport, and signal compartmentalization, undergoes reor-
ganization in response to its microenvironment. Cytoskeletal reorga-
nization in response to static physical cues from substrate attachment
influences lineage allocation of stem cells (32,33). In the case of mar-
row-derived MSC differentiation, greater F-actin cytoskeletal struc-
ture enhances osteoblastic differentiation while limiting adipocyte
differentiation (26,34). As such, cytoskeletal remodeling after attach-
ment on hard bone mineral surfaces promotes osteogenic differentia-
tion. Dynamic physical exercise also reinforces the skeleton (35,36) and
its withdrawal promotes bone resorption (37).

These findings led to our interest in actin structural dynamics.
In a study aimed at separating effects of B-catenin and cytoskeletal
regulation of differentiation, we disrupted the MSC cytoskeleton using
continuous cytochalasin D over the several days necessary to induce
differentiation from the multipotential state (25,38). Expecting that
this would induce adipogenesis, we were instead surprised to find our
cultured MSC rapidly and robustly entering the osteogenic lineage (32).
Such osteogenesis occurred even in the absence of osteogenic medium
which promotes the osteogenic gene program through ascorbate-directed
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formation of an extracellular matrix. Finally, 10 days after cytochalasin
D actin disruption, cultured cells formed bone nodule that intensely
stained with alizarin red (32). Sustained F-actin disruption similarly
induces osteogenic differentiation of human marrow-derived (32) and
adipose-derived MSC (unpublished data from my lab, 2017).

What was even more surprising was that injection of the murine tib-
ial space with cytochalasin D led to abundant formation of trabecular
and cortical bone by 1 week (32) (Figure 2A). Along with structural and
histological evidence of bone formation, we also noticed some degree of
adipogenesis in the tibial marrow compartment, suggesting that not
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Fia. 2. Nuclear actin transport stimulates osteogenesis in mesenchymal stem cells
(MSCs). (A) X-ray microtomography (micro-CT) showing that trabecular and corti-
cal bone forms 1 week after cytochalasin D injection into mouse tibial marrow cavity.
(B) MSC stained for actin (green) and nucleus (blue) show that cytochalasin D causes mass
transport of actin into the nucleus, a process dependent on the cofilin-1 actin transporter.
(C) Preventing actin transport with cofilin-1 knockdown (right bars on each graph) in-
hibits cytochalasin stimulation of osteogenesis (black bars) as measured by expression
of the bone specific genes osterix and osteocalcin. (D) After cytochalasin D treatment,
intranuclear actin forms filaments which stain with phalloidin.
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all extant MSCs responded to cytoskeletal disruption with osteogen-
esis, differentiating instead into adipocytes. Such a graded response
might be expected in a marrow cavity possessing MSCs in varying
stages of differentiation.

NUCLEAR ACTIN PROMOTES MSC DIFFERENTIATION

We then showed that cytochalasin D actin disruption results in mass
transport of cellular actin into the nucleus as shown by the top two
panels in Figure 2B. After cytochalasin D treatment, stress fibers dis-
assemble and accumulate in the nucleus within 30 minutes (32). Actin
transport into the nucleus is dependent on the level of monomeric actin
substrate and the co-transporters importin-9 and the actin binding
protein cofilin-1 (39). Knock out of either importin-9 or cofilin-1 pre-
vented actin translocation into the nucleus, shown in the bottom panel
of Figure 2B in the case of cofilin-1 silencing. Importantly, prevent-
ing actin transport to the nucleus prevents osteogenesis altogether,
including both cytochalasin D—-stimulated osteogenesis and the much
less robust osteogenesis stimulated by osteogenic medium, shown in
Figure 2C. Thus, differentiation can be effected not only by external
cytoskeletal cues, but by changes in gene expression induced by mass
actin transport into the nucleus.

NUCLEAR ACTIN STRUCTURE IS CRITICAL TO
MSC FATE DECISIONS

What are the mechanisms by which nuclear actin might induce MSC
osteoblast differentiation? Actin is known to play a role in gene tran-
scription, at the very least through altering chromatin architecture (40),
and altering transcriptional processes (41,42). This is certainly part of
why actin nuclear transport is tightly regulated (39). As well, nuclear
shape is controlled through the pinning of the nuclear membrane by
cytoplasmic cytoskeletal connections with the linker of nucleoskeleton
and cytoskeleton (LINC) complex, a complex and dynamic association
of proteins that link actin and microtubules through Giant Nesprin on
the outer nuclear membrane, to SUN proteins within the nuclear mem-
brane leaflet (43). 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 (40). The possibility
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thus presents itself that intranuclear actin might also participate in
structural rearrangements of chromatin and heterochromatin.

Recent work also identifies the nucleus and its membrane as mecha-
nosensory organelles, where anchoring to the cytoskeleton via LINC
complexes enables transmission of mechanical force from the outside
in (44). We have further shown that force can be transmitted from the
nucleus to focal adhesions to activate FAK from the inside to the out-
side of the cell (45). In this way, mechanical signals have the poten-
tial to further regulate connections between the nucleus and the cell
cytoskeleton, generating another level whereby mechanical input can
control cell behavior. Thus, while it has become accepted that genetic
elements within the nucleus respond to mechanical challenges indi-
rectly through their transduction into intermediary biochemical cas-
cades, 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 (46,47).

Once intranuclear, actin can be found in filamentous forms (48,49),
and as actin-cofilin rods (50). The role of intranuclear actin struc-
tures in controlling gene transcription is poorly understood. Whether
intranuclear actin forms serve specific regulatory roles in monomeric
or polymerized forms is unknown (51). Interestingly, we were able to
observe phalloidin staining within the nucleus, a sign of actin bun-
dling (Figure 2D); this is possible because cytochalasin is not trans-
ferred into the nucleus (52). Moreover, an increase in intra-nuclear
actin concentration should promote substrate-regulated polymeriza-
tion (53). Importantly, within the nucleus are to be found all the gener-
ally accepted members of the actin tool box that allow polymerization
and depolymerization of actin monomers. These components include
formins necessary for end-on-end polymerization and key members of
the Arp2/3 complex that initiate secondary branching (54).

How might such intra-nuclear actin structures influence gene tran-
scription? Progression in the osteogenic lineage requires the master
osteogenic transcription factor, Runx2, which although present, is not
active, or interacting with its target cistrome until the MSC is induced
to leave the multipotential state and enter osteogenesis (55). The PY
motif of Runx2 has been previously shown to recruit YAP to Runx2
binding sites at heterochromatin, where its presence represses Runx2
activity (56). Our data suggest that Runx2 activation, consistent with
the report by Zaidi, may be regulated through nuclear availability of
YAP (32). Another possibility is that internal nuclear structure itself
controls heterochromatization, a mechanism supported by the binding
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of lamins A and C to DNA causing specific silencing, perhaps through
recruiting polycomb complexes (57,58). Our findings that actin polym-
erization occurs within the nucleus, and our unpublished data that
osteoblastogenesis depends on Arp2/3-induced secondary branching,
suggests that control of actin polymerization is a strategic area to
explore regulation of gene expression.

PROPOSAL: “ACTIN UP” IN THE NUCLEUS

There are many unanswered questions arising from our work on
nuclear actin and its involvement in specific gene expression. Some
questions which we hope to address in future research include asking if
nuclear actin can regulate transcription factor localization within the
nucleus, or transcription factor access to previously silenced cistromes.
We will also be interested in whether nuclear structure itself can
define processes of heterochromatization, either by holding cistrome
targets in silenced or opened configurations, or by regulating polycomb
activity. We look forward to being part of emerging research into how
nuclear structure regulates gene expression.
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DISCUSSION

Reiser, Chicago: This is a wonderful talk on cytoskeletal regulation. Two questions:
One is that cytochalasin depolymerizes actin as you explained to us — what if you use
something that inhibits polymerization such as latrunculin, for example?

Rubin, Chapel Hill: So, it’s interesting....so we have not come back to latrunculin
when we started studying actin inside the nucleus. Latrunculin has off-target effects
because it inhibits protein transport out of the nucleus — so as a group, de-polymeriza-
tion agents do not have exactly similar effects on controlling MSC fate.

Reiser, Chicago: Which leads me to the second question — might this give you some
hint into the sorts of physiological stimuli that lead to a physiological de-polymerization
effect and with that the reprogramming — gene programs?

Rubin, Chapel Hill: That is, of course, where we have every intention of going, thank
you!

Gravallese, Worcester: That was a beautiful talk Janet, thank you very much. You
alluded to this in your last slide, but I wanted you to elaborate a little bit on the types of
mechanical forces that you are looking at here. Is this stretch, or is this pressure? Is that
going to matter in terms of how this might translate to the in vivo setting?
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Rubin, Chapel Hill: We study many mechanical forces in our lab. Most of our publi-
cations have used stretch — we stretch at 1% to 2%. That’s probably within the domain
of what an MSC might see sitting in a bone niche. We have also used flow — we don’t
like to use flow very much cause it’s messy; and we have also used vibration. When you
ask what might, what does mechanical force do to MSCs, it gets a little hard. One of the
things is really true is that no one has shown that force causes MSCs to become osteo-
blasts. They need other factors —so anybody who has published this, they are wrong!
We actually think we might know why that is. Now stretch, for instance, turns on EZH2
as Richard Mauck at U Penn has shown. EZH2 is a part of the Polycomb Repressive
Complex and it’s necessary for EZH2 activity to be turned off for osteogenesis to occur.
So this might explain why we’re seeing unexpected negative repression of osteogenesis
with stretch. That probably wasn’t what you were asking — now that I think about it.

Hochberg, Baltimore: So this is probably a naive question and it’s coming from a
clinician. Colchicine affects microtubule assembly. So, the first part is, does colchicine
have an effect in your system? Part two is that there are patients who take chronic col-
chicine therapy. I'm thinking particularly patients with Familial Mediterranean fever
and other hereditary febrile syndromes. Because it prevents not only the occurrences
of the attacks, but also prevents secondary amyloidosis. So, I wonder if does affect the
system. Are there any clinical data which suggest differences in body composition based
on the use of chronical colchicine therapy?

Rubin, Chapel Hill: I would be wrong to say that microtubules had no role to play
because of course they have lots of roles to play. But in terms of the way that we strain
cells — we are stimulate signaling through focal adhesions that are strutted by F-ac-
tin fibers. When we have used colchicine to break up the microtubules we have found
no effect on the signals that we generate to either cause new F-actin bundling or Akt
signaling through to beta-catenin. There are lots of structures in the cell including lam-
ina inside the nucleus with which the cytoskeleton all interacts. There are microtubules
that also bind to the nuclear envelope at nesprin LINC connections, just like actin does.
So clearly microtubules are part of the cytoskeleton. I have just not found, in the assays
we perform in the lab, that colchicine has effects.

Hasday, Baltimore: So, our lab’s interested in stress and we’re interested in the
P38 kinase and the HSP27 pathway which we’ve always looked at outside the nucleus.
Because this pathway causes stress fibers and depolarization and new actin structures.
We never thought about looking in the nucleus; have you looked in all of the HSP27-
dependent possible effects in the nucleus?

Rubin, Chapel Hill: T haven’t, but people who study signal transduction know that a
lot of these enzymes are moving into the nucleus, like ERK1/2 and NFAT1 move into the
nucleus. Everything is moving in and out all the time — so I think that nuclear biology
is just beginning to have its day: lots is happening in the nucleus.





