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Abstract

Lamin A/C is the major architectural protein of cell nucleus in charge of the nuclear mechanosensing. By integrating extracellular
mechanical and biochemical signals, lamin A/C regulates multiple intracellular events including mesenchymal stem cell (MSC)
fate determination. Herein, we review the recent findings about the effects and mechanisms of lamin A/C in governing MSC
lineage commitment, with a special focus on osteogenesis and adipogenesis. Better understanding of MSC differentiation
regulated by lamin A/C could provide insights into pathogenesis of age-related osteoporosis.
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Abbreviations

ECM  Extracellular matrix

HGPS  Hutchinson-Gilford progeria syndrome
KASH Klarsicht/ANC-1/Syne homology

LINC Linkers of nucleoskeleton and cytoskeleton
MKL1 Megakaryoblastic leukemia 1

MSC  Mesenchymal stem cell

RA Retinoic acid

RAR  Retinoic acid receptors

RARE RA-responsive elements

SRF Serum response factor

SUN  Sadl/UNC-84

YAP Yes-associated protein

TAZ transcriptional co-activators with PDZ-binding

motif
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Introduction

Age-related bone loss, increasing the fracture risk of the el-
derly individuals, has become increasingly prevalent and has
caused enormous health care costs. Approximately 13% of the
individuals would experience osteoporosis in China [64], and
about 20% of the patients suffering from osteoporotic frac-
tures died in 1 year because of related complications [11].
The disease has been found to be characterized by decreasing
bone formation and increasing adipose tissue infiltration in
bone marrow, which is the result of the switch of mesenchy-
mal stem cell (MSC) differentiation from osteogenesis to ad-
ipogenesis [19]. However, the mechanisms of the switch re-
main unclear.

One possible mediator of MSC fate is lamin A/C, a kind of
lamin protein in the nucleus contributing to nuclear mechanics
[13] and mechanotransduction [50]. Lamin A/C levels de-
creased in osteoblasts during aging [16], indicating participa-
tion of lamin A/C in the development of senile skeletal phe-
notypes. In vivo evidence showed that mutation of LMNA
caused Hutchinson-Gilford progeria syndrome (HGPS), the
disease characterized by age-related bone loss [39]. Animals
with mutations in LMNA or in genes encoding lamin A/C
post-transcriptional processing proteins display osteoporosis
phenotypes including spontaneous fractures, declined bone
density, loss of trabecular and cortical bone, decrease of bone
forming cells, and accumulation of adipocytes in the bone
marrow [42, 56, 68]. The experimental evidence supported
the involvement of lamin A/C in regulating MSC fate in
age-related bone loss, but the mechanisms are not fully
understood.
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Mechanical cues have recently emerged as key regulators
of MSC differentiation [34, 57], and our previous work has
found that external forces could affect the maintenance and
lineage specification of MSCs [33, 69]. As a key structure in
the direct mechanical force transmission to the nucleus [37],
lamin A/C could serve as one of the mediators by which me-
chanical stimulations exert influence on differentiation of
MSCs. Additionally, mechanical homeostasis, an inherent
property of tissues, also participates in the regulation of
MSC fate [65]. Furthermore, lamin A/C also involves in reg-
ulating MSC differentiation merely under biochemical
stimulations.

To understand the role of lamin A/C in regulating differen-
tiation of MSCs, we summarize the state-of-the-art findings of
lamin A/C in MSC differentiation under mechanical stimula-
tions or merely induced by biochemical signals.

Lamin A/C in nucleus

Lamins lie in the inner nuclear membrane as a meshwork [36],
and they have a tripartite structure with «-helical domain,
amino-terminal and carboxy-terminal domains [14, 58, 59].
They are classified into type A and type B. Unlike type B
lamin, which is expressed ubiquitously in all cells, type A
lamin is only expressed in differentiated cells [25] and its
expression levels are varied in cells from different tissues.
Type A lamin, encoded by LMNA, consists of two major
isoforms—Ilamin A and lamin C.

The maturation of lamin A/C requires several steps of post-
translational modifications, consisting of isoprenylation of
cysteine in the CAAX box, cleavage of the AAX motif, meth-
ylation of the isoprenylated cysteine, and the removal of
carboxy-terminal 18 amino acids by endoprotease Zmpste24
[20]. After maturation, the assembly of lamin A/C polymers
involves dimerization through their «-helical rod domain and
subsequent multimerization through head-to-tail overlapping
between dimers [27].

Lamin A/C structurally connects with cytoskeleton via
linkers of nucleoskeleton and cytoskeleton (LINC) complexes
[12, 58, 59]. LINC complexes are composed of Sad1/UNC-84
(SUN) domain proteins and Klarsicht/ ANC-1/Syne homology
(KASH) domain proteins. SUN domain proteins are located at
the inner nuclear membrane and bind with lamin A/C. KASH
domain proteins mainly consist of Nesprins (Nesprin 1, 2, and
3) and reside at the outer nuclear membrane, connecting SUN
domain with all sorts of cytoskeletons, including actin fila-
ments, tubulin, and intermediate filaments (such as desmin
and vimentin). Therefore, LINC complexes mediate force
transmission from cytoskeleton to lamins, and disruption in
them was found to block cellular mechano-transduction from
cytoskeleton to lamins [58, 59].

As the main components of nuclear lamina and mediator of
nuclear-cytoskeletal coupling, lamin A/C determines nuclear
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mechanics and is involved in mechanotransduction. Its anom-
alies lead to pathological changes of cell functions and behav-
iors, and gives rise to a group of diseases known as
laminopathies [14, 58, 59]. For example, Emery-Dreifuss
muscular dystrophy, manifested by joint contractures, muscu-
lar weakness, and cardiomyopathy, is evidenced to be related
with impaired cellular mechanotransduction [6].

Lamin A/C in the differentiation of MSCs
under mechanical cues

MSC differentiation potentials are extensively controlled by
mechanical signals. MSCs can sense the extracellular mechan-
ical signals via a plethora of mechanosensitive elements and
translate them into biochemical responses in cytoplasm and
nucleus, resulting in the switch of their differentiation state.
Traditionally, it is believed that activated mechanosensors on
cytoplasm membrane, such as mechanosensitive ion channels
and integrins, activate or suppress key molecules in
mechanosensitive signaling cascades in cytoplasm and change
their subcellular localization. This subsequently leads to the
alteration of gene expression in the nucleus. In the past two
decades, the nucleus has been found to be another key
mechanosensor, and direct transmission of mechanical signals
from the cytoplasm membrane, via cytoskeleton to the nucleus
has been identified as another mechanotransduction pathway
[37]. Lamin A/C, connecting with cytoskeleton through LINC
complexes, participates in the direct force transmission [10,
29] and affects the mechano-induced differentiation of MSCs.

Changes of lamin A/C in MSC under mechanical cues

Lamin A/C in MSCs could respond to applied forces, two-
dimensional substrate, and three-dimensional microenviron-
ments by changing its expression, localization, and structure.
These changes of lamin A/C would in return affect MSC dif-
ferentiation state.

Applied forces are among the mechanical cues that could
evidence the mechanosensitive property of lamin A/C in MSC
differentiation. It was found that both soluble factor—induced
and stretch loading—stimulated MSC differentiation were ac-
companied by increased expression levels and nuclear periph-
ery translocation of lamin A/C [23]. Interestingly, the reac-
tions of lamin A/C under stretch loading was faster than those
under soluble factors [23], implying that direct force transmis-
sion system to lamin A/C was more efficient than biochemical
factors in MSC differentiation induction. The alterations of
lamin A/C, in return, led to the enhanced MSC
mechanosensitivity as a response to applied stretch forces
[23], suggesting the role of lamin A/C in mediating mechan-
ical cue transmission in MSCs.
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Recent studies have also focused on lamin A/C sensing
two-dimensional mechanical cues and its role in MSC differ-
entiation under the signals. The most widely studied two-
dimensional mechanical signal is substrate stiffness.
Compared with soft substrate, stiff substrate was found to
result in increased amount [18, 60] and decreased phosphor-
ylation level [9] of lamin A/C in MSCs. Substrate stiffness can
also alter MSC differentiation states, in which MSCs favor
osteogenesis on stiff substrate while adipogenesis on soft sub-
strate [60, 67]. Responses of lamin A/C to different substrate
stiffness reciprocally participate in the substrate stiffness—
induced MSC osteogenesis and adipogenesis.
Overexpression of lamin A/C could reinforce the stiff
substrate—induced osteogenesis [60]. On the contrary,
LMNA knockdown was found to enhance the soft-substrate-
promoted adipogenic differentiation [60]. Additionally, it has
been recently reported that lamin A/C was enriched in the
apical and lateral surfaces of nuclei, exclusively forming a
dome-like ultrastructure [30], and matrix stiffness could
change its polarized distribution. Culturing cells on softer sub-
strate led to the conversion of distribution of lamin A/C from
asymmetric dome to isotropic shell, while stiffer substrate
caused the opposite outcome [26]. Lamin A/C also exhibited
isotropic distribution in MSCs during adipogenesis and asym-
metric distribution during osteogenesis [26]. However, the
link between lamin A/C polarization and cell differentiation
induced by extracellular matrix (ECM) still needs elucidation.

Lamin A/C can also mediate the mechanotransduction of
cells growing on substrate with topographical changes. The
substrate with 350-nm width grating could lead to the down-
regulation of lamin C in MSCs, along with decreased adipo-
genesis and increased osteogenesis [31]. Furthermore, when
compared to circle-shape micro-pattern substrate, stem cells
grown on micro-pattern substrate with triangular morphology
exhibited reduced lamin A/C labeling, triangularly deformed
and softer nuclei [61]. Similarly, compared to cells cultured on
flat and concave surface, MSCs on convex surface showed the
increased expression of lamin A/C along with enhanced oste-
ogenesis [66].

Crosstalk between lamin A/C and other mechanosensitive
signaling pathways—mechanism of lamin A/C regulating
MSC differentiation

As a nucleus protein, lamin A/C can interact extensively with
other proteins and get involved in multiple signaling events.
Growing evidence implies a crosstalk existing between lamin
A/C and other mechanosensitive signaling pathways, which
emerges as a new molecular mechanism of how lamin A/C
senses mechanical cues and mediates MSC differentiation
(Fig. 1). One of the focused models to study mechanical sig-
nals is substrate with different rigidity. As evidenced by mul-
tiple studies, MSC cultured on stiff substrate favor osteogenic

differentiation whereas MSC cultured on soft substrate turn
towards adipogenic lineage [60, 67].

RA pathway Retinoic acid (RA) pathway has been found to
intercommunicate with mechano-transduction pathways me-
diated by lamin A/C. The transduction of RA pathway is de-
pendent on retinoic acid receptors (RAR), a group of nuclear
receptor superfamily to activate the transcription of target
genes. RARs mainly consist of RARA, RARB, and RARG.
RARG has been found to participate in MSC lineage specifi-
cation. Its antagonists and agonists could respectively promote
and inhibit osteogenesis [21].

Swift et al. [60] firstly found the crosstalk between RARG
and lamin A/C, reporting that RARG has corresponding bind-
ing sites, RA-responsive elements (RARE), on the promoter
of LMNA to regulate the expression of lamin A/C. Agonist of
RARG, RA, and suppressed lamin A expression, while antag-
onist AGN enhanced lamin A expression. Interestingly, the
effects of RARG on lamin A/C only existed when cells were
cultured on stiff substrate and were abrogated on soft sub-
strate, indicating that substrate stiffness was the upstream sig-
nal of the crosstalk between RARG and lamin A/C.
Reciprocally, lamin A/C could regulate RARG.
Overexpression of lamin A/C was found to promote the nu-
clear translocation of RARG, and lamin A/C deficiency could
abolish MSC osteogenesis promoted by RARG antagonists
[28]. Therefore, lamin A and RA pathway form a feed-
forward loop in MSC sensing substrate stiffness and
differentiation.

YAP/TAZ Co-activators YAP (Yes-associated protein) and
TAZ (transcriptional co-activators with PDZ-binding motif)
are downstream effectors of canonical Hippo signaling path-
way and are the key regulators in cell perceiving their micro-
environments [15]. Stiff substrate could lead to increased ex-
pression and nuclear aggregation of YAP/TAZ in MSCs [15,
18]. Combined with their transcriptional coeffector TEAD,
YAP/TAZ promotes osteogenesis and impairs adipogenesis
of MSCs in response to stiff substrate [15].

Rather than relying on canonical Hippo signaling, YAP/
TAZ was also the downstream of the assembly and contract-
ibility of actin filaments in mechanotransduction [15]. As
lamin A/C could regulate actin filament assembly [41, 47],
lamin A/C might have crosstalk with YAP/TAZ mediated by
actin filaments as evidence suggested. The nuclear aggrega-
tion of YAP induced by substrate stiffness has been found to
be abolished in LMNA mutated myoblasts [5]. However, a
non-monotonic relationship between YAP1 and lamin A level
has also been presented: the knockdown of LMNA resulted in
decreased YAPI levels and lamin A up-regulation by stiff
matrix led to nuclear aggregation of YAP1, but LMNA over-
expression in MSCs on stiff matrix also resulted in the de-
crease of total YAP1 levels and nuclear localization [60].
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Fig. 1 Crosstalk between lamin A/C and other mechanosensitive signaling pathways. (a) Lamin A/C might have crosstalk with YAP/TAZ through
regulating actin filaments. (b) Lamin A/C regulates MKL1 nuclear import through actin filaments. (c) Lamin A/C increases nuclear import of RARG

Therefore, the relationship between lamin A/C and YAP/RAZ
has not reached a consensus, and the results could be impacted
by different sources of cells, experiment protocols etc.

MKL1-SRF pathway Megakaryoblastic leukemia 1 (MKL1)
acts as the intermediary between actin filaments and serum
response factor (SRF). It senses mechanical signals via actin
polymerization. The mechano-induced polymerization of G-
actin results in the release of MKL1 from monomeric G-actin
and its nuclear translocation, eliciting subsequent activation of
SRF and its target genes encoding proteins that regulate cyto-
skeletal architecture and dynamics [40, 41, 44, 62]. Thus, the
actin-MKL-SRF circuit can bridge the cytoplasmic actin to
nuclear genome to modulate cell differentiation [61]. It was
found that MKL1 could inhibit cell adipogenic differentiation
by suppressing PPARYy [43, 54].

Lamin A/C has been reported to play a key role in actin-
MKL1/SRF signaling pathway. Embryonic stem cells present-
ed strong positive correlation between the levels of lamin A/C
and nuclear translocation of MKL1 [61]. LMNA knockdown
and LMNA N195K mutant fibroblasts exhibited decreased
nuclear import and increased export of MKL1 by impairing
actin polymerization [24]. LMNA knockdown could further
suppress the transcription of several components of the SRF
pathway and enhance MSC adipogenesis [60]. Collectively,
lamin A/C and MKL1 form a feed-forward loop in MSC sens-
ing mechanical cues, and they could synergistically promote
MSC osteogenesis while inhibiting adipogenesis induced by
mechanical signals.
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Lamin A/C in the differentiation of MSCs
under biochemical cues

Lamin A/C can directly regulate the expression of genes by
interacting with promoter regions of some transcription fac-
tors on chromatin [7, 22], or change the activity and localiza-
tion of key transcription factors in signaling cascades by di-
rectly interacting with them [70]. Therefore, in addition to the
role in mediating the transmission of mechanical cues, studies
have also investigated the involvement of lamin A/C in the
activity of differentiation-related signaling pathways and tran-
scription factors during osteogenesis and adipogenesis of
MSCs merely under biochemical induction. The interactions
between lamin A/C and differentiation-related transcription
factors under biochemical cues have been comprehensively
reviewed (refer to [48, 63]), so we make a brief summary
and supplement some latest findings below (Table 1).
During osteogenesis of MSCs, lamin A/C could activate
WNT/{3-catenin signaling by physically interacting with and
facilitating the nuclear translocation of (3-catenin [4]. Lamin
A/C overexpression was also found to promote osteogenesis
by activating Notch pathway [55]. However, another study
reported lamin A/C downregulation could increase Notch sig-
naling through affecting emerin localization to nuclear enve-
lope [32]. In addition, lamin A/C was also directly related with
Runx2 activity during osteogenesis. Deficiency of lamin A/C
led to either significantly lower levels of Runx2 [51] or a
reduction of its binding activity with its targeted gene [1,
35]. Moreover, Runx2 and Smads could be anchored by the
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Table 1 Lamin A/C in osteogenesis and adipogenesis under biochemical cues
Exogeneous interference Culture Results Mechanisms
of lamin A/C media
Human MSCs [4] Overexpression OIM Enhanced Activated Wnt/(3-catenin signaling pathway;
osteogenesis facilitated nuclear translocation
and increased transcriptional activity of
{3-catenin
AIM Impaired adipogenesis Reduced PPARY level
Immortalized human MSCs Overexpression OIM Enhanced Activated Notch signaling pathway
[55] osteogenesis
AIM Impaired adipogenesis
Human bone marrow MSCs Knockdown OIM Impaired osteogenesis Reduced Rux2 level
[51]
Human bone marrow Knockdown OIM Impaired osteogenesis Reduced Runx2 DNA binding activity
MSCs [1] AIM Enhanced
adipogenesis
Bone marrow cells Knockdown OIM Impaired osteogenesis Reduced Runx2 DNA binding activity,
from Lmna ™~ mice [35] increased level of MAN-1 and nuclear
periphery sequestration of Runx2
Rat cardiac MSCs [49] LMNA mutation R482L AIM Impaired adipogenesis Counteracted Notch signaling pathway
Human MSCs [17] Farnesylation inhibitor ~ OIM Impaired osteogenesis Accumulation of prelamin A and decreased
FTI-277 Runx2 level
Human MSCs [52] Farnesylation inhibitor ~ AIM Impaired adipogenesis Increased mature SREBP-1 level and
FTI-277 inhibition of PPARYy expression and activation
Bone marrow cells from Knockdown of OIM Impaired osteogenesis Accumulation of prelamin A and decreased
Zmpste24 —/— mice [53] Zmpste24 Runx2, OCN and BSPII levels
AIM Enhanced Increased PPARYy and C/EBPx levels

adipogenesis

OIM osteogenesis induction media, AI/M adipogenesis induction media

integral inner nuclear membrane protein MAN-1, which hin-
ders their interactions with other effectors [2, 46]. Lamin A/C
deficiency led to higher levels of MAN-1 and subsequently
increased nuclear periphery colocalization of Runx2 [35].

On the contrary, lamin A/C could exert repressive effect on
MSC adipogenic differentiation by deactivating PPARy or
regulating Notch signaling [4, 60]. The lack of lamin A/C
could facilitate the release of PPARYy, which is normally
trapped at the nuclear periphery by lamin A/C and its associ-
ated proteins [45], and promote its activation [8]. Moreover,
lamin A/C overexpression could inhibit adipogenesis by acti-
vating Notch signaling [55], but LMNA R482L mutation was
reported to inhibit cardiac MSC adipogenesis by
counteracting the activation of Notch signaling [49].

The accumulation of immature lamin A/C caused by dis-
ruption of post-translational processing has also been reported
to alter MSC lineage commitment. Prelamin A farnesylation is
one of the most significant post-translational processing of
lamin A/C, and the inhibition of farnesylation caused the ac-
cumulation of prelamin A in nucleus and the loss of osteogen-
ic capability of MSCs [17]. Meanwhile, the inhibition of
prelamin A farnesylation could also arrest adipogenic differ-
entiation of MSCs possibly via the inhibition of PPARYy ex-
pression and activation [52]. Therefore, the accumulation of

prelamin A did not have an opposite effect on osteogenic and
adipogenic differentiation. The reason might be that accumu-
lation of prelamin impairs the ability of mature lamin A/C to
enhance the activity of osteogenic transcription factors, while
prelamin A itself could sequestrate and inhibit transcription
factors related to adipogenesis. In addition, prelamin A is also
the substrate of endoprotease Zmpste24, which is responsible
for the final cleavage in post-translation of prelamin A [38].
Zmpste24—/— mice exhibited spontaneous bone fractures [3],
decreased number of osteoblasts, and increased level of fat
infiltration in bone marrow [53]. In vitro settings, bone mar-
row cells from those deficient mice had impaired osteogenic
potential and enhanced adipogenic ability [53]. Collectively,
lamin A/C with mature structure is critical in MSC differenti-
ation, and the disruption of the process would impact MSC
osteogenesis and adipogenesis context-dependently.

Conclusion

Over the past two decades, strong evidence has suggested that
lamin A/C extensively participates in regulating lineage spec-
ification of MSCs. Two mechanisms are primarily involved in
the regulation. First, via linking with cytoskeleton, lamin A/C
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can sense different mechanical cues in the microenvironment,
and thereby enhances osteogenesis while inhibits adipogene-
sis of MSCs. Secondly, lamin A/C can also regulate the re-
sponse of MSCs to biochemical cues by directly interacting
with multiple signaling pathways and key transcription fac-
tors. However, we are still at the preliminary stage of the
exploration of these mechanisms. For example, as recent ev-
idence showed asymmetric distribution of lamin A/C in nu-
cleus, will this spatial pattern affect the link between lamin A/
C with the cytoskeleton? How would it consequently influ-
ence mechano-induced lineage determination of the MSCs?
Further studies are expected to answer these questions.
Moreover, although the crosstalk between lamin A/C and
some mechanosensitive signaling pathways is elucidated, the
involvement of other classical mechanosensitive signaling
pathways, such as Notch signaling, still awaits further explo-
ration. To summarize, more studies are anticipated to enrich
the evidence on the detailed mechanisms of lamin A/C in
regulation of MSC lineage determination.

Treatments of age-related bone loss require detailed knowl-
edge of cellular changes in bone marrow. Age-related alter-
ations in lamin A/C might be one vital biological process that
leads to adipose infiltration in bone marrow. With extensive
adipose accumulation that softens MSC substrate within the
bone marrow, lamin A/C might be reciprocally tuned and lead
to preferred switch towards adipogenesis over osteogenesis in
the MSCs. Therefore, better understanding of lamin A/C in
MSC niche might provide novel insights into pathogenic
mechanism of age-related osteoporosis and potential approach
to break the vicious cycle and improve the prognosis of the
disease.
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