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Actin is an essential regulator of cellular functions.
In the eukaryotic cell nucleus, actin regulates chro-
matin as a bona fide component of chromatin remod-
elling complexes, it associates with nuclear RNA
polymerases to regulate transcription and is involved
in co-transcriptional assembly of nascent RNAs into
ribonucleoprotein complexes. Actin dynamics are,
therefore, emerging as a major regulatory factor
affecting diverse cellular processes. Importantly, the
involvement of actin dynamics in nuclear functions is
redefining the concept of nucleoskeleton from a rigid
scaffold to a dynamic entity that is likely linked to
the three-dimensional organization of the nuclear gen-
ome. In this review, we discuss how nuclear actin, by
regulating chromatin structure through phase separ-
ation may contribute to the architecture of the nu-
clear genome during cell differentiation and facilitate
the expression of specific gene programs. We focus
specifically on mitochondrial genes and how their dys-
regulation in the absence of actin raises important
questions about the role of cytoskeletal proteins in
regulating chromatin structure. The discovery of a
novel pool of mitochondrial actin that serves as
‘mitoskeleton’ to facilitate organization of mtDNA
supports a general role for actin in genome architec-
ture and a possible function of distinct actin pools in
the communication between nucleus and mitochondria.
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During differentiation dividing cells undergo altera-
tions in their functional and phenotypic profiles to ac-
quire a new identity. This is achieved through highly
regulated changes in the expression of sets of genes
with cellular differentiation even being defined in
terms of the theory of variable gene activity (1–3).
This theory suggests that an appropriately selected
group of genes constituting one or more gene pro-
grams promotes differentiation and leads to special-
ized cell types. Transcriptional regulation lies at the
core of cellular identity and transcriptional activators
which act on specific target genes to induce transcrip-
tional networks define the structural and functional
properties of gene control programs. Transcriptional
reprogramming, therefore, refers to the process by
which mature and specialized cells can be reverted to
induced pluripotent stem cells (iPSCs) or other speci-
alized cell types (4). The different regulatory layers
that control these transitions are beginning to be dis-
sected in reprogramming experiments which have
highlighted the importance of master regulators, genes
at the top of the regulation hierarchy, particularly
related to cell fate and differentiation. These genes are
under the control of key signalling pathways, such as
TGF-b signalling, that often synergize with the actin
cytoskeleton (5). Well-characterized examples are the
MRTF-SRF axis that is regulated by actin dynamics
and controls myofibroblastic differentiation (6, 7),
mTOR signalling that regulates mechanically induced
cytoskeletal reorganization and lineage selection in
mesenchymal stem cells (MSCs; 8), the Wnt pathway
that works as major homeostatic signalling cascade in
development and stem cell homeostasis (9–11) and the
bone morphogenetic protein (BMP) pathway that reg-
ulates remodelling of the actin cytoskeleton and is
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required for chondrogenesis and osteogenesis as well
as adipogenesis (12, 13). BMPs target MSCs to trigger
activation of transcription factors such as the peroxi-
some proliferator-activated receptor-c (PPAR-y) and
Runx2 in adipogenic and osteogenic specification (13).
Sox9, a key transcription factor of chondrogenesis, is
activated through the BMP pathway and a CCAAT
box in the proximal promoter (14). Aberrant activa-
tion of these homeostatic signalling pathways is a hall-
mark of various types of cancers. For instance, recent
work has established that the forkhead transcription
factor FoxB2 that regulates Wnt7-dependent develop-
ment of the endocrine system is aberrantly expressed
and leads to abnormal activation of Wnt signalling
compatible with prostate cancer (15).
The behaviour of gene programs depends not only

on the expression of master regulatory genes but also
on their synergy with chromatin remodelling com-
plexes and epigenomic modifiers (16–18). This is espe-
cially important in the context of differentiation and
disease (19, 20) where cis-regulatory, synergistic mo-
lecular events between epigenetic and transcription
factors is referred to as transcriptional cooperation.
Crosstalk between transcription activators and chro-
matin regulators is also the basis of metabolic changes
that occur during differentiation when, for instance,
mitochondrial dynamics and morphology undergo
drastic alterations (21). At the molecular level, altera-
tions from elongated mitochondria in differentiated
cells to spherical-shaped mitochondria during the for-
mation of iPSCs are accompanied by changes in en-
ergy metabolism essential during the reprogramming
process (21). Changes in mitochondrial morphology
occur concomitantly with changes in their metabolic
profiles that switch from oxidative phosphorylation
(OXPHOS) to glycolysis (21), presumably by tightly
regulating mitochondrial gene expression.
Given the complexity of differentiation and its hier-

archical nature, understanding how transcriptional
networks are established and regulated at multiple
layers provides an opportunity to obtain temporal
frameworks of differentiation. In addition, it is
becoming increasingly relevant to establish how tran-
scriptional activators selectively synergize with chro-
matin regulators during differentiation and how these
mechanisms are integrated within the three-
dimensional (3D) hierarchical organization of the gen-
ome into compartments and topologically associating
domains (TADs) (22). It is beginning to become ap-
parent that dynamic changes in the 3D organization
of the genome occur in a controlled manner through-
out differentiation (23) when transcriptional networks
must be established and maintained for sustained ex-
pression of gene programs.
The precise mechanisms that co-regulate transcrip-

tion, chromatin regulation and 3D genome organiza-
tion during cell differentiation are yet to be fully
understood. However, recent work suggests that cyto-
skeletal proteins like actin may play an important role
in coordinating these processes. Signalling pathways
that regulate differentiation, for instance, also impact
the cytoplasmic actin pool which, in turn, induces
changes in the localization of key transcription factors

and promote chromosome intermingling (24–27).
Similarly, changes in nuclear actin levels also impact
key chromatin remodelling complexes which are
known to affect the expression of genes involved in
neurogenesis, osteogenesis and adipogenesis. In this
review, we, therefore, focus on the different roles of
nuclear actin in reshaping the genome via regulation
of transcription and chromatin organization.

Actin in the Nucleus From Past to Present
Evidence

Actin is one of the most highly conserved and abun-
dant proteins in eukaryotic cells. For many decades,
the presence of actin inside the nucleus remained con-
troversial and it was primarily treated as a cytoplas-
mic protein involved in regulating cell shape, cell
motility and cytoskeletal organization (28, 29).
Although some early studies suggested the presence of
a nuclear actin pool (30–33), this idea was only recent-
ly accepted concomitant with the development of new
experimental tools and models. Using a custom-made
anti-actin antibody actin was detected on active tran-
scription sites both on isolated polytene chromosomes
and in vivo and this association was found to be
required for RNA polymerase II transcription in liv-
ing cells (34, 35). Part of the scepticism on the exist-
ence of nuclear actin arose from the lack of visible
actin filaments within the nucleus of most cell types
and was only resolved with the introduction of
advanced visualization methods utilizing the 17 amino
acid long peptide lifeact (36) or the actin-staining
chromobody nAC-GFP-NLS (37). These methods
have not only demonstrated the presence of actin in
the cell nucleus but have also confirmed its ability to
polymerize in the nucleus by detecting the presence of
thin nuclear actin filaments. Of the three known actin
isoforms, skeletal muscle or a-actin and non-muscle b-
and c-actin, only b-actin has been convincingly shown
to be in the cell nucleus. Actin is actively imported
into the nucleus through the importin/Ran system in
complex with the NLS-containing cofilin and disrup-
tion of this mechanism is lethal for embryonic devel-
opment (38–40). Similarly, actin is actively exported
from the nucleus via exportin 6 (Exp6) (40). Nuclear
export is enhanced by the small actin binding protein
profilin that contains a nuclear export signal (NES)
and is also known to suppress nuclear actin polymer-
ization (40). Actin polymerization in the nucleus has
been observed by several labs in different contexts
(41–44) and has been shown to be regulated through a
cohort of G-actin and F-actin binding proteins (45,
46) in a way that is similar to the regulation of cyto-
plasmic actin polymerization. Dynamic nuclear actin
polymerization seems to be required for both nuclear
architecture and nuclear function. Indeed, results
from chromatin immunoprecipitations combined with
deep sequencing (ChIP-seq) have demonstrated that
actin associates with both mouse and Drosophila
genomes (47, 48), although this association is likely to
be mediated by other nuclear factors. Expression of
actin mutants with dysregulated polymerization
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functions have shown that regulated actin polymeriza-
tion is necessary for transcription (49). In line with
this observation, regulators of actin polymerization
are directly involved in transcription. The G-actin
binding proteins cofilin and profilin, required for actin
dynamics, localize to nuclei of mammalian and insect
cells, associate with active genes as revealed by immu-
nohistochemistry and chromatin immunoprecipitation
(ChIP) experiments and function in transcription
elongation (50, 51). Similarly, ARP2/3 and N-WASP,
required for actin polymerization and branching, are
also involved in transcription (52, 53) and the Gurdon
lab has demonstrated that WAVE-dependent nuclear
actin polymerization is required during transcriptional
reprogramming (54). Interestingly, the pool of
transcription-competent actin also seems to perform
its transcriptional role in complex with certain myosin
species (55).
Although it has been shown that actin works to-

gether with all three eukaryotic nuclear RNA poly-
merases (56, 57) while also being a component of
several chromatin remodelling complexes (58, 59),
how these molecular functions synergize is not clear at
this stage. In the next sections, we discuss emerging
evidence demonstrating the role of nuclear actin in
transcriptional and chromatin regulation and how
these roles converge to promote mitochondrial func-
tion during cell differentiation.

Actin in Transcription

Initial evidence for actin’s involvement in transcrip-
tion came in 1984 when actin was found in complex
with RNA polymerase II isolated from HeLa cells
lysates while the G-actin binding protein gelsolin was
detected on the lampbrush chromosomes in the am-
phibian oocytes (60, 61). Later, studies in the dipteran
Chironomus tentans revealed a functional association
of actin with active transcription sites and a direct in-
volvement of actin in transcription (34, 35).
Biochemical studies further revealed that actin is in
complex with eukaryotic RNA polymerases (56, 57,
62–65). Actin binds to the largest RNA Pol I subunit
(62), to the Pol II C-terminal domain (CTD) as well
as to common subunits Rbp6 and Rbp8 found in Pol
I, Pol II and Pol III (66–68), altogether supporting
possible roles of actin at different stages of the tran-
scriptional process. The function of actin in transcrip-
tion is also closely associated with nuclear myosin I
(NM1), first discovered and best described among the
currently known nuclear myosin species (55, 69), with
well-characterized functions in Pol I and Pol II tran-
scription (49, 62, 64, 66, 69–72). In Pol I transcription,
NM1 is associated with the transcription factor TIF-
IA, Pol I and actin to form the pre-initiation complex
at the gene promoter (64). To activate transcription,
NM1 functions as a molecular switch between actin
and the chromatin remodeller B-WICH (70, 71, 73–
75). Bound to the chromatin through its CTD (70),
NM1 either interacts with polymerase-bound actin or
with the ATPase SNF2H. SNF2H is a component of
the WICH chromatin remodelling complex respon-
sible for nucleosome repositioning and for anchoring

of histone acetyl transferase PCAF and histone me-
thyl transferase Set1. Once recruited to the transcrip-
tion start site (TSS), PCAF and Set1 acetylate and
methylate histone H3 allowing the polymerase ma-
chinery to proceed across the gene (47, 70, 73, 74).
Consistent with a possible role for NM1 and actin in
regulating the WICH complex, in Pol II transcription,
NM1 was found to be responsible for SNF2H-
dependent chromatin remodelling as well as PCAF-
and Set1-dependent histone modifications needed for
transcription activation (72, 76).

During transcriptional elongation, co-transcriptional
assembly of nascent transcripts into ribonucleoprotein
complexes (RNPs) is also an actin-dependent process
that actin seems to perform in complex with a subset
of heterogeneous nuclear ribonucleoproteins
(hnRNPs). In C.tentans, actin binds to the hnRNP A1-
like hrp36 and accompanies the nascent transcript
from gene to polysomes (34). Co-transcriptional actin
association with the C.tentans hrp65, homologue to the
mammalian co-activator PSF, is required for elong-
ation of nascent RNA (35). Similarly, in mammals,
actin co-transcriptionally binds to the A/B-type
hnRNP CBF-A/hnrnpab and accompanies RNA dur-
ing nucleocytoplasmic transport (77–80). Further, in
complex with hnRNP U/SAF-A (Scaffold Attachment
Factor A) actin binds to the hyperphosphorylated Pol
II CTD to facilitate PCAF recruitment and PCAF-
dependent histone H3 acetylation for elongation of
nascent RNA (67, 77, 81).

Although it is unclear how these numerous actin
interactions are coordinated, depending on the binding
partner and, possibly, polymerization state, they suggest
that actin regulates multiple stages of gene expression
ranging from formation of pre-initiation complexes and
transcription elongation to formation and stabilization
of RNPs for nuclear export and trafficking.

Chromatin Regulation, 3D Genome
Organization, Nucleoskeleton and the Role
of Nuclear Actin

Upstream of actin’s transcriptional functions, its in-
volvement in chromatin regulation as a subunit of
ATP-dependent chromatin remodelling complexes is
now well-established (58, 59). Depending on the
ATPase subunit, mammalian chromatin remodellers
can be divided into four groups—SWI/SNF, ISWI,
CHD and INO80 (82) and actin and myosin have
been shown to play critical roles in regulating several
of them (55, 76, 83). For example, the INO80 chroma-
tin remodelling complex is involved in inositol metab-
olism as a transcriptional co-activator, making it
essential for DNA repair, replication and cell cycle
control (84, 85). Similarly, in the yeast INO80 com-
plex, actin interacts with Arp4 and Arp8, binding to
histones and extra-nucleosomal/linker DNA to func-
tion as an allosteric sensor that regulates INO80-
dependent nucleosome spacing (86–88).

Actin is also a component of the mammalian
chromatin remodelling complex BAF (BRG1- or
BRM-associated factors) (58, 89, 90). This complex is
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homologous to the Drosophila BAP (Brahma-associ-
ated protein) complex (91) and belongs to the SWI/
SNF (SWItch/Sucrose Non-Fermentable) family of
chromatin remodellers which contain at least 15 subu-
nits including the ATPase Brg1 (89). The BAF com-
plex consists of three functional modules which form
a spanner head-shaped structure surrounding the nu-
cleosome. The Brg1 subunit forms the backbone with
its ATPase domain grasping the nucleosome and par-
tially wrapping around nucleosomal DNA. In the
same complex, the helicase-SANT-associated (HSA)
domain is a part of the ARP (actin-related protein)
module and the pre-HSA domain is anchored into the
base module packed against the bottom surface of the
nucleosome. The ARP module contains a heterodimer
of actin-like protein 6A (ACTL6A) and b-actin. Its
function is to bridge and stabilize the ATPase and
base modules around the nucleosome (Fig. 1A), a
function critical for BAF1 association with the chro-
matin (92). Indeed, results from ChIP-seq analysis
with anti-Brg1 antibodies show that b-actin deletion
leads to dissociation of Brg1 from DNA (see Fig. 1B),
affecting both transcription and heterochromatin

segregation at the nuclear lamina (83). These observa-
tions support a model where a b-actin-dependent
nucleoskeleton could impact chromatin structure by
regulating Brg1 activity (93).

Interestingly, the presence of b-actin in chromatin
remodelling complexes like BAF also gives rise to the
intriguing possibility that changes in actin levels could
influence 3D genome organization. Recent work uti-
lizing chromosome conformation capture techniques
such as 3C and HiC have revealed that the eukaryotic
chromosomes are organized into a multi-layered hier-
archical structure with chromosomal territories being
divided into large scale transcriptionally active and
repressed compartments (A and B compartments),
and further giving rise to TADs and chromatin loops
(94, 95). It has been shown that architectural proteins
like CTCF play a critical role in regulating TADs and
loops (95) while chromatin remodellers such as BAF,
polycomb complexes and HP1a contribute to
compartment-level organization via phase separation-
based mechanisms (96, 97). While a direct role for b-
actin in regulating 3D genome organization is yet to
be elucidated, several recent studies hint at such a

Fig. 1. Actin-dependent structure and function of the BAF1 complex. (A) BAF complex wrapping around the nucleosome consists of several
proteins which are interconnected by BRG1 which forms backbone for the whole complex and possess ATPase activity and actin-ARP bind-
ing sites. Model based on He et al. (92). (B) Heat map of normalized reads density Reads Per Kilobase of transcript, per Million mapped
reads (RPKM) obtained from Brg1 ChIP-seq across the whole genome between WT and KO cells. Input was shown as the background.
Top: RPKM levels on all chromosomes; bottom: RPKM levels on chromosome 11. Scale bar, RPKM range (adapted from Ref. 83). (C) A
speculative model describing actin-dependent recruitment of Brg1 upstream the TSS of the Cebpa genes. This promotes an open chromatin
configuration at specific CEBPB binding sites, allows for CEBPB binding and promotes CEBPA gene activation and adipogenic differenti-
ation (129).
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function. It has been shown, for instance, that b-actin
knockout (KO) cells exhibit dramatic alterations in
the transcriptional landscape coupled with epigenetic
changes such as loss of BRG1 chromatin association
and accumulation of H3K9Me3/HP1a-positive het-
erochromatin (83). It has also been shown that nu-
clear actin levels can influence RNA polymerase II
clustering (98). Since the formation of heterochromat-
ic B compartments is thought to be mediated by HP1a
and H3K9Me3-induced phase separation, while eu-
chromatic A compartments are proposed to arise
from multivalent interactions between RNA polymer-
ase, transcription factors and chromatin regulators
(97), the ability of nuclear actin to influence both these
processes places it in an ideal position to potentially
regulate the structure of both A and B compartments.
Similarly, b-actin-dependent loss of BRG1 chroma-

tin binding can potentially lead to changes in both
compartment and TAD level genome organization.
Brg1 has been shown to play a role in activation of
distal enhancers by regulating long-range chromatin
interactions and in the regulation of TAD boundaries
(99–101). Furthermore, the BRG1 containing BAF
complex is known to directly antagonize chromatin
binding of polycomb group proteins during develop-
ment (102). Any changes in BRG1 occupancy are,
therefore, expected to induce corresponding changes
in the activity of polycomb group proteins and PRC2
mediated epigenetic marks such as H3K27me3. As
facultative heterochromatin features like H3K27me3,
PRC1 and PRC2 are known to induce phase separ-
ation and aid in clustering of nucleosomes, polycomb-
bound chromatin (96, 97) and regulate long-range
chromatin interactions (103), they constitute another
mechanism by which b-actin could affect 3D genome
structure at the level of compartments.
Another potential pathway through which actin lev-

els may impact global genome architecture is via actin’s
interaction with hnRNPs. The recent finding that actin
levels can influence clustering of transcription foci (98)
has led to the hypothesis that such clustering could be
facilitated by the actin-hnRNP U/SAF-A complex
binding to the hyperphosphorylated Pol II CTD (67).
Interestingly, hnRNP U/SAF-A is not only known to
play a role in compartment-level 3D genome organiza-
tion (104) but also acts as an attachment factor linking
specific DNA elements and scaffold/matrix attachment
regions (S/MAR) to the nuclear matrix (105).
Furthermore, consistent with the role of phase separ-
ation in compartment-level organization, purified
hnRNP U can bind DNA to form higher-ordered nu-
cleic-acid-protein complexes in vitro (106). This is par-
ticularly interesting also in view of the recent
observation that cross-linked actin filaments can form
liquid droplets (107) and nuclear phosphoinositides
(PI4,5P2) synergize with the actin-NM1 complex to
form active Pol II (108). Uncovering the relationship
between actin-dependent chromatin remodellers such
as BAF, the actin-hnRNP U/SAF-A complex and the
synergy with both NM1 and Pol II can, therefore, shed
light on the idea of a dynamic nucleoskeleton that sim-
ultaneously influences gene expression, local chromatin
organization and 3D genome architecture.

Actin in Transcriptional Reprogramming
During Cell Differentiation

Compatible with its role in chromatin and transcrip-
tion regulation, several studies have recently high-
lighted the critical involvement of nuclear actin
dynamics in transcriptional reprogramming during
differentiation (109). As mentioned earlier, nuclear or
transcriptional reprogramming is the process by
which the identity of specialized cells may be changed
to the embryonic-like pluripotent state or other cell
types (4).

Using isolated nuclei (germinal vesicles) from
Xenopus oocytes, the Gurdon lab highlighted the im-
portance of nuclear actin in transcriptional reprog-
ramming. Oocyte nuclei are particularly suited for
these experiments since they are transcriptionally ac-
tive and have high levels of nuclear actin. Due to their
size, they can be easily imaged to study actin polymer-
ization and, above all, they are free from cytoplasmic
actin contamination (110–112). Using this model,
Miyamoto et al. reported that upon depletion of the
actin binding protein Wave1 (WASF1), known to
regulate actin polymerization, expression of the pluri-
potency gene Oct4 is repressed (112, 113). Similarly,
in mammalian cells, overexpression of actin leads to
activation of Oct4, possibly through recruitment of b-
catenin to the Oct4 gene which is dependent on poly-
meric actin (114, 115). This needs to be further investi-
gated but it is possible that the underlying mechanism
is BAF-dependent and actin polymerization may be
important for its recruitment. In fact, although in the
BAF complex actin is primarily in a monomeric state
and forms a heterodimer with Arp4 to regulate Brg1
function (116), it retains the ability to polymerize (90).
The BAF complex with its ATPase Brg1 has been
shown not only to regulate expression of Oct4
(117–119) but also to facilitate its binding to its DNA
targets together with other pluripotency transcription
factors such as Sox2 and Nanog (117, 118, 120).
Moreover, Brg1 overexpression enhances the effi-
ciency of iPSCs production from mouse embryonic or
human adult fibroblasts (121). These considerations
suggest that actin has multiple roles during transcrip-
tional reprogramming depending on its polymeric
state and/or binding partners. Polymeric actin may
help to recruit activators and remove repressors,
including repressive epigenetic marks, from pluripo-
tency genes such as Oct4 that otherwise remain
occluded, allowing actin-dependent remodelling com-
plexes such as BAF to change the local chromatin
landscape to a configuration compatible with actin-
dependent Pol II transcription (112). Thus, nuclear
actin, therefore, seems to be an important player for
the establishment of pluripotency and, in fact, tran-
scriptional profiling of b-actin KO MEFs by RNA-
seq shows differential expression of multipotency and
pluripotency genes involved in cell fate and stemness
(see Fig. 2).

It is, therefore, not surprising that the amount of
nuclear actin and/or the ratio between cytoplasmic
and nuclear pools of actin is important during differ-
entiation. In Xenopus oocytes, for example, high
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nuclear actin levels are necessary during oogenesis.
After maturation and fertilization, nuclear actin levels
are decreased by Exp6 overexpression which leads to
increased nuclear actin export to the cytoplasm (110).
Similarly, in Drosophila, Exp6 silencing negatively reg-
ulates oogenesis by dysregulation of the cytoplasmic/
nuclear actin ratio (38). Recently, it has been shown
that mouse fertilized embryos require a certain
amount of nuclear actin for subsequent development
(122). Increased nuclear actin levels are also needed
for transcriptional regulation during macrophage dif-
ferentiation (123). A remarkable example of such
regulation was also reported by Le et al. (124) who
showed that upon mechanical stress, the protein
Emerin is translocated from inner to outer nuclear
membranes where it promotes rapid actin polymeriza-
tion with non-muscle myosin IIA. This leads to loss of
lamina-associated heterochromatin, subsequently
bound by PRC2 to catalyze dimethylation and trime-
thylation of histone H3 on Lys27 (H3K27me3). The
insufficient amount of free nuclear actin leads to Pol
II stalling on genes which are recognized by PRC2
and silenced by means of H3K27 trimethylation (124).
In MSCs, accumulation of actin in the nucleus leads

to differentiation to osteogenic and, to a lesser extent,
adipogenic lineages by sequestering the inhibitory pro-
tein YAP (Yes-associated protein, a mediator of Src/
Yes signalling). There is an evidence that nuclear actin
binds to YAP promoting its translocation to the cyto-
plasm while releasing the transcription factor Runx2,
master regulator of osteogenesis, for activation of spe-
cific sets of osteogenic genes (125).

Further support for a role of b-actin in development
and differentiation came from recent studies reporting
that a b-actin KO mouse is embryonic lethal at 8–
10.5 dpc (days post-coitum), a stage immediately prior
to the onset of key developmental pathways (126, 127),
including neurogenesis, adipogenesis and osteogenesis.
Subsequent studies also generated stable mouse embry-
onic fibroblasts (MEFs) from a 10.5 dpc embryonic le-
thal b-actin KO mouse (127). These cells exhibit
overexpression of actin isoforms other than b-actin,
including a-smooth muscle actin (a-SMA) and c-actin
which compensate cytoplasmic but not nuclear func-
tions as suggested by their transcriptionally reprog-
rammed state (83, 127). Results from RNA-seq analyses
performed on b-actin KO MEFs as well as wild-type
and heterozygous condition with only one disrupted b-

Fig. 2. b-Actin affects reprogramming and differentiation into different cell types. Genes were selected based on the gene ontology analysis of
differentially expressed genes between wild-type MEFs and b-actin KO MEFs obtained by transcriptional profiling (see Ref. 83). GO terms
‘cell fate commitment’, ‘neuron differentiation’, ‘adipose tissue development’ and ‘positive regulation of fat cell differentiation’ and ‘osteo-
blast differentiation’ were used for selection of most differentially expressed genes related to differentiation into iPSCs, neurons, adipocytes
and osteoblasts, respectively.
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actin allele demonstrated that loss of b-actin induces a
general transcriptional reprogramming with both activa-
tion and repression of gene programs related to cell fate
and differentiation (see Fig. 2). Phenotypically, b-actin
KO MEFs exhibit a degree of cytoskeletal reorganiza-
tion and enhanced fibrogenic and angiogenic features
(83). Evidence that b-actin depletion impairs Brg1 de-
position across the mouse genome (see Fig. 1B) suggests
that in the absence of b-actin there are major chromatin
rearrangements that most likely affect transcription (93).
Follow up experiments focussing on direct reprogram-
ming of b-actin KO MEFs to neurons, adipocytes and
osteocytes showed a direct role of b-actin in transcrip-
tional reprogramming during neurogenesis (128), adipo-
genesis (129) and osteogenesis (130). In the case of
neuronal reprogramming, b-actin deletion led to accu-
mulation of the heterochromatin mark H3K9me3 and
loss of Brg1 at TSSs of Zic and Irx genes (128), which
are among the earliest pro-neuronal and neuronal tran-
scription factors responding to neural-inducing signals
and promoting pro-neuronal gene expression (131, 132).
Considering that Brg1 function depends on the nuclear
actin pool, these results really point towards the possi-
bility that nuclear actin regulates neuronal development
and differentiation as a part of the BAF chromatin
remodelling complex, whose role in neurogenesis has
been previously described (133–135). Similarly, upon
direct reprogramming of b-actin KO MEFs to adipo-
cytes (129), we recently reported that actin-dependent
Brg1 remodelling is needed for activation of the pioneer
transcription factor CEBPA (CCAAT/enhancer-binding
protein alpha), responsible for differentiation of pre-
adipocytes into white adipocytes (136). Adipocyte differ-
entiation requires a signalling network and transcription
factors including PPAR-c, members of the CCAAT/
enhancer-binding protein (CEBP) family and the BAF
complex. PPAR-c works as master regulator of adipo-
genesis whereas CEBPA functions as a pioneer factor in
adipocyte sub-type specificity, promoting differentiation
to white adipocytes over brown adipocytes. It turns out
that loss of b-actin impairs Brg1-deposition at one of
the CEBPB binding sites upstream of the CEBPA gene.
Since CEBPA activation requires CEBPB binding, loss
of BRG1 and chromatin accessibility at the CEBPB
binding site leads to dysregulation of adipogenic differ-
entiation (129). Remarkably, this phenotype is rescued
by reintroduction of NLS-tagged b-actin in the nucleus
of b-actin KO MEFs (129), supporting the idea that by
regulating chromatin and transcriptional reprogram-
ming nuclear actin can act as a key regulator of cell dif-
ferentiation (Fig. 1C). In yet another differentiation
model, b-actin deletion impairs expression of master
regulators of osteogenesis along with nuclear-encoded
mitochondrial genes, displaying a hypermineralization
phenotype compatible with dysregulated mitochondrial
function (130).
In summary, by performing key functions in chro-

matin and transcriptional regulation to control ex-
pression of gene programs, the pool of nuclear actin
is emerging as an essential factor for cell
differentiation.

Mitochondrial Genes: a Paradigm to Study
Actin-Dependent Gene Expression
Regulation and Genome Organization in
Differentiating Cells

Mitochondria play a central role in cell differentiation
and, in this context, regulation of mitochondrial genes
is particularly important. During differentiation, mito-
chondria not only change their morphology, but also
their metabolic profiles from OXPHOS to glycolysis
through rapid alterations in gene expression (21).
Morphological changes that occur during mitochon-
drial biogenesis and accompany differentiation are
known to be regulated by the cytoplasmic actin pool
that is specifically required during fission of elongated
mitochondria into round-shaped mitochondria (137,
138). Interestingly, the nuclear actin pool and a re-
cently described pool of mitochondrial actin seem to
be necessary for expression of nuclear- and
mitochondria-encoded mitochondrial genes, respect-
ively (139, 140), with a potential impact on cell
differentiation.

In mammals, 1.5 billion years of coevolution of nu-
clear and mitochondrial genomes have led to the re-
duction of the mitochondrial genome and transfer of
the majority of mitochondrial genes to the cell nucleus
leaving only 37 mitochondrial-encoded genes. Among
these genes, 13 encode structural components of the
OXPHOS system, 2 genes encode mitochondrial
rRNAs and 22 genes encode mitochondrial tRNAs
(141). On the other hand, �1,500 nuclear-encoded
genes have been suggested to have a role in mitochon-
drial function with 250–300 directly regulating mito-
chondrial gene expression (142) and several studies
have reported on the importance of nuclear-encoded
gene mutations in human mitochondrial diseases (143,
144). Most mitochondrial functions exclusively de-
pend on nuclear-encoded genes and their regulation.
OXPHOS, however, is an exception since it requires
both nuclear- and mitochondrial-encoded OXPHOS
genes and a tight coordination of their expression to
prevent accumulation of unaffiliated subunits of the
different complexes involved in electron transfer at the
mitochondrial membrane (142). OXPHOS complexes
responsible for cellular bioenergetics are formed by
the direct interactions of 13 mitochondrial-encoded
and �80 nuclear-encoded genes in most animals.
While expression of nuclear-encoded OXPHOS genes
relies mostly on the regulation of their transcription
or translation, expression of mitochondrial-encoded
OXPHOS genes also depends on mitochondrial DNA
(mtDNA) replication, mtDNA segregation and copy
number (145–149). How coordinated expression of
nuclear- and mitochondrial-encoded OXPHOS genes
is achieved remains to be understood but recent evi-
dence suggests that it is possibly executed through a
crosstalk between nuclear and mitochondrial b-actin
pools.

Actin may control expression of OXPHOS genes
through its ability to regulate nuclear and mitochon-
drial genomes (140). Nuclear-encoded OXPHOS genes
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are organized in clusters (150) and it is possible that
organisms have developed genomic features that
facilitate association into hubs that are co-
transcriptionally regulated, contributing to stoichio-
metric OXPHOS subunits production and, therefore,
biochemical efficiency of OXPHOS complexes. In sup-
port of this hypothesis, studies using chromosome
conformation capture techniques demonstrated that
all 10 nuclear subunits of cytochrome oxidase (COX)
encoded on nine different chromosomes as well as
Tfam, Tfb1m and Tfb2m genes, located on three chro-
mosomes and vital for the transcription of the three
mitochondria-encoded COX subunit genes, all reside
in the same intranuclear hub in neuronal nuclei (151).
Given the emerging role of b-actin in 3D genome or-
ganization and recent evidence that nuclear b-actin is
required for pol II transcription-dependent formation
of transcription hubs (98), it can be speculated that
nuclear OXPHOS gene activities may be regulated by
nuclear b-actin by precisely maintaining a genomic
architecture compatible with transcription. Similar
considerations apply to the mitochondrial b-actin
pool that seems to have a critical role in establishing
an actin-based ‘mitoskeleton’ required for correct seg-
regation of nucleoids, mtDNA transcription and mito-
chondrial membrane potential (MMP; 128). Although
these models require further investigations, actin-
dependent regulation of OXPHOS gene expression
does impact differentiation. In adipogenesis, this is
particularly important because alterations in mito-
chondrial function affect formation of white and
brown adipose tissue and can lead to disease (131).
Similarly, in osteogenesis mitochondria play a critical
role in the mineralization of the extracellular matrix
as calcium-phosphate granules are produced in mito-
chondria before their export to the extracellular space
(152, 153). During osteogenic reprogramming b-actin
depletion leads to hypermineralization and this pheno-
type is a direct consequence of abnormal upregulation
of nuclear-encoded mitochondrial genes, including
OXPHOS genes (130). This upregulation may result
from a compensatory effect against defects in main-
taining MMP in the absence of nuclear b-actin prior
to differentiation, altered expression of nuclear and
mitochondrial-encoded OXPHOS genes or from a
general impairment of mtDNA transcription (128).
Future work will address if this specific phenotype is
due to b-actin-dependent alterations in chromatin
regulation and genomic architecture.
The discovery of distinct nuclear and mitochondrial

b-actin pools also provides potential insights into a
novel role of actin in the communication between nu-
cleus and mitochondria through regulation of their re-
spective genomes. Anterograde (from nucleus to
mitochondria) and retrograde (from mitochondria to
nucleus) signalling is a requirement for numerous cel-
lular functions and we speculate that it may be
achieved by targeting actin pools in the cell nucleus
and in mitochondria. While the aim of nuclear-to-
mitochondria anterograde signals is to achieve fine-
tuned mitochondrial bioenergetics and functional
population of mitochondria, through retrograde sig-
nalling mitochondria constantly send molecular

signals to the nucleus, reflecting metabolic status and
mitochondrial activity, needed to maintain cellular
homeostasis (154). Candidates for co-regulating the
dynamics of nuclear and mitochondrial actin pools
are a cohort of signalling molecules such as nutrients,
Wnts and BMPs that are all known to target the actin
cytoskeleton and by doing so may play a fundamental
role in this bidirectional communication. Through sig-
nalling there may be coordinated mechanisms
required to regulate the state of actin polymerization
in both nuclear and mitochondrial compartments to
maintain OXPHOS expression (see Fig. 3).
Understanding the crosstalk between nuclear and
mitochondrial b-actin pools during differentiation,
therefore, becomes a primary goal for future
investigations.

Concluding Remarks

Cytoskeletal proteins have emerged as key regulators
of nuclear functions, many of which have been dis-
sected in the past years. It is now well accepted that
nuclear actin is involved in chromatin and transcrip-
tion regulation and that these molecular functions are
performed with an array of nuclear factors, several
myosin species and regulators of actin polymerization.
In fact, >30 proteins affecting actin polymerization
have been found in the nucleus (46), including pro-
teins that have been historically considered as compo-
nents of the nucleoskeleton (45). This allows for an
endless variability of potential actin states required
for nuclear functions redefining the very concept of
nucleoskeleton from a rigid nuclear scaffold reminis-
cent of the nuclear matrix to an interconnected dy-
namic network of states and processes containing
actin and actin-bound machineries including chroma-
tin, protein complexes and nucleic acids that together
play a role in the architectural features of the genome.
In fact, the involvement of cytoskeletal proteins in the
architecture of the mammalian genome is not surpris-
ing considering that in bacteria actin-like proteins are
involved in chromosome segregation (155, 156) and
this seems to be the case also in mitochondria where a
pool of b-actin is involved in mtDNA segregation
(140).

In the specific case of the mammalian genome, the
emerging role of actin in 3D genome organization has
opened up many questions. There is evidence that nu-
clear actin polymerization and myosin are required
for movement of heterochromatin in response to
DNA damage (157, 158) and in long-range movement
of chromatin loops upon transcription activation
(159, 160). Therefore, how does rapid actin polymer-
ization and depolymerization affect genome architec-
ture? Although at the moment there is no clear answer
to this, the requirement and engagement of regulated
actin polymerization and depolymerization (41) may
depend on the identity and size of individual nuclei
with different architectural requirements to ensure ex-
pression of certain gene programs over others. A scen-
ario that has not been investigated in depth is the
possibility that regulated actin polymerization is fun-
damental for recruitment of chromatin remodellers
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(112) and whether this eventually affects what gene
programs are activated or repressed by actin-
dependent changes in 3D genome organization at
compartment level. Furthermore, do these mecha-
nisms reflect the role of actin polymerization in het-
erochromatin segregation in response to DNA
damage or external stimuli? Having placed nuclear
actin in the road map of genome biology we are now
left with many open questions. In the context of nucle-
oskeleton and stabilization of long-range chromatin
interactions and loops, the synergy between actin and
hnRNP U/SAF-A represents an intriguing pathway
that may contribute to activation of gene programs
during differentiation.
In contrast with nuclear actin, we know much less

about the mitochondrial actin pool and its dynamic
properties. In addition, how actin is transported into
mitochondria is not known. A way to address nuclear
and mitochondrial actin involvement in differenti-
ation, given the difficulty to generate b-actin KO
mouse models, is to establish protocols for direct
reprogramming of embryonic fibroblasts where the b-
actin alleles are not functional. Some of these models
for neurogenesis, adipogenesis and osteogenesis
proved useful to get initial mechanistic insights on
how loss of a nuclear pool of b-actin generally affects
differentiation. In combination with advanced genom-
ics including ATAC-seq and HiC-seq to study changes
in chromatin accessibility and in the 3D organization
of the genome, these differentiation models, including

generation of iPSCs, have potential to uncover how
gene programs are temporally established during ac-
quisition of cellular identity. Due to their nuclear or-
ganization in the form of clusters, mitochondrial
genes are particularly interesting models and detailed
analysis of how expression of mitochondrial genes is
affected upon b-actin depletion using imaging-based
high content phenotypic profiling and next generation
sequencing promises interesting avenues for future
research. The multifunctional nature of the different
b-actin pools in cytoplasm, nucleus and mitochondria
poses, however, a significant roadblock, and necessi-
tates the identification of novel tools for visualization
of individual actin pools in a polymerized or depoly-
merized form. Superresolution microscopy and
CryoEM techniques for structural cell biology may fa-
cilitate ultrastructural analysis of actin filament net-
works particularly in the nucleus and mitochondria
while providing a basis to understand how communi-
cation between nuclear genome and mitochondrial
genome is pursued in the context of cell differentiation
and may be dysregulated in metabolic diseases catego-
rized under a general umbrella of ‘nuclear and mito-
chondrial actinopathies’.
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Fig. 3. Actin communication and regulation across organelles. Actin has been shown to be localized in the cytoplasm, nucleus and mitochon-
dria. Nuclear import and export are achieved through chaperone complexes containing importin b and cofilin (for import) and Exp6 and
profilin (for export). Actin shuttles to the mitochondria but the mechanism of transport is not known. In the nucleus, actin is part of several
remodelling complexes, such as BAF as well as part of transcription machinery. Depending on the complex composition, actin can activate
or repress different sets of genes. In mitochondria, actin is needed for segregation of mtDNA during replication and expression of nuclear-
encoded OXPHOS genes.
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M.J., Han, D.W., Greber, B., Gentile, L., Mann, M.,
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