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periphery localization are unknown.

zation of Msx1 and Msx1's protein partners.

Background: Previous studies have shown that in myogenic precursors, the homeoprotein Msx1 and its protein
partners, histone methyltransferases and repressive histone marks, tend to be enriched on target myogenic regula-
tory genes at the nuclear periphery. The nuclear periphery localization of Msx1 and its protein partners is required
for Msx1's function of preventing myogenic precursors from pre-maturation through repressing target myogenic
regulatory genes. However, the mechanisms underlying the maintenance of Msx1 and its protein partners'nuclear

Results: We show that an inner nuclear membrane protein, Emerin, performs as an anchor settled at the inner
nuclear membrane to keep Msx1 and its protein partners Ezh2, H3K27me3 enriching at the nuclear periphery, and
participates in inhibition of myogenesis mediated by Msx1. Msx1 interacts with Emerin both in C2C12 myoblasts
and mouse developing limbs, which is the prerequisite for Emerin mediating the precise location of Msx1, Ezh2, and
H3K27me3.The deficiency of Emerin in C2C12 myoblasts disturbs the nuclear periphery localization of Msx1, Ezh2,
and H3K27me3, directly indicating Emerin functioning as an anchor. Furthermore, Emerin cooperates with Msx1 to
repress target myogenic regulatory genes, and assists Msx1 with inhibition of myogenesis.

Conclusions: Emerin cooperates with Msx1 to inhibit myogenesis through maintaining the nuclear periphery locali-

Keywords: Msx1, Emerin, Ezh2, H3K27me3, Nuclear-periphery, Myogenesis

Background

Dynamic and well-organized nuclear organization guar-
antees precise gene expression pattern in life activities.
Genes acquire distinct expression states in different bio-
logical contexts, either being activated or repressed. The
localization of genes changes according to expression
states. Under most circumstances, activated genes tend
to be distributed in the interior nucleus, while repressed
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genes are localized closely to the nuclear periphery [1-4].
Several factors participate in the regulation of repressed
genes’ subnuclear localization, such as inner nuclear
membrane proteins, non-coding RNAs, transcriptional
factors, and histone deacetylases [5—8]. Among these fac-
tors, inner nuclear membrane proteins contribute to a
stable repressive environment for genes supposed to be
repressed, and maintain heterochromatin architecture
[7].

One of the representative inner nuclear membrane
proteins is Emerin, whose mutation or deletion leads to
X-Emery-Dreifuss muscular dystrophy (X-EMED) [9,
10]. Emerin locates at the inner nuclear membrane of
skeletal muscle cells, cardiac muscle cells, and smooth
muscle cells [11-13], and belongs to LEM domain
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proteins [11, 14]. LEM domain mediates anchoring
of chromosomes to the nuclear membrane and facili-
tates formation of higher-order chromatin structure
through interacting with barrier-to-auto-integration
factor (BAF) [15-19], a highly conserved protein capa-
ble of regulating higher-order chromatin structure [20],
nuclear assembly [20, 21], and target genes’ expres-
sion [22, 23]. Like most other LEM domain proteins,
Emerin is closely related to the structure of the nuclear
membrane and heterochromatin [12, 24]. For instance,
Lamin A, Lamin C and Lamin B2 are prone to be dis-
solved in skin fibroblasts of patients who are lack of
Emerin, suggesting the destruction of lamina structure
in these Emerin deficient cells [25]. The myoblasts of
Emerin mutated patients are abnormal in heterochro-
matin architecture [26]. What’s more, Emerin is quali-
fied to regulate genes’ nuclear position under certain
conditions. Demmerle and collaborators showed that
Emerin is able to cooperate with histone deacetylase
3 (HDAC3) to control the nuclear positions of some
genes encoding myogenic transcriptional factors during
myogenesis [27].

Msx1 is a homeoprotein specifically expressed in pro-
liferating cells during skeletal muscle development and
regeneration [28-30]. In myogenic lineage, the expres-
sion of Msx1 is restricted to myogenic precursors and
activated satellite cells, both of which retain an undif-
ferentiated state [29, 30]. Overexpression of Msx1 in
C2C12 myoblasts inhibits the cells’ terminal differentia-
tion to myotubes [31]. Several studies have shown that
Msx1 mediates inhibition of myoblasts’ differentiation
as a transcriptional repressor through down-regulating
major myogenic differentiation regulators [32—35]. For
instance, Msx1 binds to the core enhancer region (CER)
of MyoD under the help of linker histone H1b to inhibit
the transcription of MyoD in vitro and in vivo [32]. Apart
from canonical transcriptional regulation, Msx1 inhibits
the expression of several myogenic differentiation regu-
lators on epigenetics level [33—35]. Our previous works
found that in myogenic precursors, the repressed target
myogenic regulatory genes of Msx1 are localized at the
nuclear periphery [33-35]. Msx1 redistributes repres-
sive histone marks H3K9me2 and H3K27me3 through
recruiting corresponding histone methyltransferases to
target genes at the nuclear periphery to keep the chro-
mosomes in a repressive state [33—35]. The recruitment
of histone methyltransferases to the nuclear periphery
and the redistribution of repressive histone marks are
required for Msx1 to keep myogenic precursors in an
undifferentiated state [33—35]. However, the mechanisms
by which Msx1, histone methyltransferases, and repres-
sive histone marks co-localize at the nuclear periphery
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during inhibition of myogenic differentiation still remain
elusive.

Here we show that Emerin, an inner nuclear mem-
brane protein, is indispensable for the nuclear periphery
localization of Msx1, histone methyltransferase Ezh2,
and repressive histone mark H3K27me3 in C2C12 myo-
blasts. We identified Emerin as a protein interacted
with Msx1 by immunoprecipitation coupled with Mass
Spectrometry (IP-MS), and further validated their inter-
action in vitro and in vivo through co-immunoprecipi-
tation (Co-IP) in cell lines and mouse developing limbs
respectively. We found that the distribution of exogenous
Msx1, endogenous Ezh2, and repressive histone mark
H3K27me3 was altered from the nuclear periphery to
interior nucleus in Emerin deficient cells, indicating the
role of Emerin in mediating the localization of Msx1 and
its protein partners. Furthermore, the expression levels
of Msx1’s repressive genes were up-regulated in Emerin
deficient cells compared with control cells when Msx1
was overexpressed in C2C12 myoblasts. Cells without
Emerin were partially differentiated even with exog-
enous Msx1. Taken together, these observations provide
a nuclear periphery anchoring model describing the rela-
tionship among Emerin, Msx1, and Msx1’s protein part-
ners, in myogenesis.

Materials and methods

Description of plasmids

All plasmids used in this study have been described pre-
viously [31-33, 35, 36].

Cell culture analyses

Cell culture studies were done using human 293T cells
or retrovirus packaging Phoenix E cells or mouse C2C12
myoblasts obtained from ATCC. All cells were main-
tained in Dulbecco’s Modified Eagle Medium (DMEM)
(Gibco) supplemented with 10% fetal bovine serum (FBS)
(Gibco, Australian origin) in humidified atmosphere
with 5% CO, at 37 °C. Myogenesis of C2C12 myoblasts
was induced by DMEM supplemented with 2% horse
serum (Gibco) for 3-5 days. Lipofectamine 2000 rea-
gent (Invitrogen) was used for transient transfection.
Transient transfection was performed when cell con-
fluence was over 70% according to the manufacturer’s
recommendations. For exogenous genes delivered by
retrovirus infection, replication-defective retroviruses
were packaged using Phoenix E cells by transfection
of the relevant pLZRS-IRES-GFP plasmid derivatives
using Lipofectamine 2000 reagent (Invitrogen). C2C12
myoblasts were seeded at low density (lower than 10%)
12-24 h before infection with viral supernatants for 2
consecutive days. For siRNA transfection, C2C12 myo-
blasts were firstly infected with the viruses expressing
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Msx1 or the empty vector, then transfected with siRNA
against Emerin using the Lipofectamine RNAiMAX rea-
gent (Invitrogen) according to the manufacturer’s recom-
mendations. Sequences of siRNAs against Emerin were
shown below. Sense Emerin#1: 5'-GGGCUUAUCAUA
UUAUCCU-3'; Antisense Emerin#1: 5-AGGAUAAUA
UGAUAAGCCC-3'. Sense Emerin#2: 5'-GCAAGGACU
AUAAUGAUGA-3'; Antisense Emerin#2: 5-UCAUCA
UUAUAGUCCUUGC-3'. Sense Emerin#3: 5'-GACCUC
ACUUGUAGAUGCU-3'; Antisense Emerin#3: 5-AGC
AUCUACAAGUGAGGUC-3'.

Animal studies

The animals were handled and cared for in accordance
with the guidelines of the Animal Ethics Committee of
Fudan University. Developing limb buds of wild-type
mouse embryos (E11.5) were used to perform co-immu-
noprecipitation (Co-IP) assays.

Immunoprecipitation coupled with Mass Spectrometry
(IP-MS) analysis

Nuclear extracts from C2C12 myoblasts expressing
Flag-Msx1 or Myc-Msx1 were immunoprecipitated with
Anti-Flag/Anti-c-Myc affinity beads (Sigma) as indicated,
resolved by SDS-PAGE. Gel bands were isolated, digested
with trypsin and the peptides were analyzed by MS on
a Micromass Q-T of hybrid quadrupole/time-of-flight
mass spectrometer with a Nanoelectrospray source. Raw
data files were processed using the MassLynx Protein-
Lynx software.

Real-time PCR for gene expression

cDNA templates used for real-time PCR were reverse
transcribed from RNA isolated from wild-type C2C12
myoblasts. RNA was purified using HiPure Total RNA
Mini Kit (Magen) according to the manufacturer’s rec-
ommendations. First strand cDNA was synthesized using
TransScript All-in-One First-Strand c¢DNA Synthesis
SuperMix for qPCR Kit (TransGen Biotech) according
to the manufacturer’s recommendations. Quantitative
real-time PCR was performed using SYBR green reagent
(CWBiotech) in the Roche LightCycler 480 machine.
Expression values were normalized to S-Actin. At least
three independent experiments were performed for
each gene. Data were analyzed using 2722, The aver-
age values were given as the mean=+SD. The primers
were shown below. F-MyoD: 5'-GGCTACGACACCGCC
TACTA-3; R-MyoD: 5-CTGGGTTCCCTGTTCTGT
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GT-3'. F-Myf5: 5" TGAGGGAACAGGTGGAGAAC-3/;
R-Myf5: 5-AGCTGGACACGGAGCTTTTA-3. F-B-
Actin:  5-ATGGTGGGAATGGGTCAGAAG-3; R-B-
Actin: 5'-CCATGTCGTCCAGTTGGTAA-3'.

Co-immunoprecipitation (Co-IP) and Western blotting
analyses

For Western blotting, C2C12 myoblasts were lysed in
RIPA buffer (CWBiotech), and proteins were analyzed
by ECL Western blotting detection system (Tanon-5200).
For Co-IP assays, cells were lysed in BC300 buffer (10%
glycerol, 0.2 mM EDTA, 0.3 mM KCl, protease inhibi-
tor cocktail [CWhbiotech], Phenylmethanesulfonyl fluo-
ride [PMSF] [Meilun Biotech], 25 mM Tris-HCIl [pH
7.9]) containing 0.1% NP40. The cell lysates were then
sonicated, centrifuged at 16,000 g in 4 °C for 10 min.
200 pL supernatants were transferred to a new EP tube
used as total protein (Input sample). Remaining super-
natants were used to prepare IP samples. Supernatants
were incubated with Protein A/G Sepharose (Sigma)
in 4 °C for 1 h to remove impurities. The samples were
then incubated with Anti-Flag/Anti-c-Myc affinity beads
(Sigma) or indicated antibodies in 4 °C overnight for
enrichment of target proteins. Following being washed by
BC300 buffer, immunoprecipitated proteins were eluted
by 1x SDS sample buffer (CWBiotech) and analyzed by
ECL Western blotting detection system (Tanon-5200).
Immunoprecipitation assays from limb nuclear extracts
were done in BC200 buffer (10% glycerol, 0.2 mM EDTA,
0.2 mM KCI, protease inhibitor cocktail [CWhbiotech],
Phenylmethanesulfonyl fluoride [PMSF] [Meilun Bio-
tech], 25 mM Tris-HCI [pH 7.9]) containing 0.1% NP40.
IP Samples were made with Anti-Msx1 antibody fol-
lowed by precipitation with Protein G beads (Sigma) at
4 °C for 1 h. Following being washed by BC200 buffer,
immunoprecipitated proteins were eluted using 1x SDS
sample buffer (CWBiotech) and analyzed by immuno-
blotting using an ECL Western blotting detection sys-
tem (Tanon-5200). The antibodies used for Co-IP and
Western blotting were shown below. Anti-Flag (Mouse
mAD, Sigma # F3165, 1:10,000), Anti-c-Myc-Peroxidase
antibody (Rabbit pAb, Sigma # A5598, 1:3000), Anti-
Msxl (Mouse mAb, Covance # MMS-261R, 1:1000
[Western blotting], 1:80 [Co-IP]), Anti-B-Actin (Mouse
mADb, CWBiotech # CW0096M, 1:4000), Anti-a-tubulin
(Mouse mAb, GeneTex # GTX628802, 1:5000), Anti-
Emerin (Rabbit pAb, Bioworld Technology # BS6162,
1:1000), Anti-H3K9me2 (Mouse mAb, Abcam # ab1220,
1:1000), Goat Anti-Mouse IgG, HRP Conjugated (CWBi-
otech # CWO0102S, 1:5000), Goat Anti-Rabbit IgG, HRP
Conjugated (Abmart # M21002, 1:3000).
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Immunofluorescence (IF) assays

293T cells or C2C12 myoblasts were seeded on 1-well
glass bottom plate (NEST). When cell confluence was
40%, IF assays were performed. Cells were fixed in 4%
paraformaldehyde (PFA) (Invitrogen) for 20 min at
room temperature, then rinsed with 1x phosphate
buffer saline (1x PBS) (Gibco) to wash off the PFA and
permeabilized by 0.2% Triton X-100 (Sigma) for 20 min
at room temperature. After washing off permeabilized
solution with 1x PBS, cells were blocked with 10% goat
serum (Gibco) in 1x PBS, and incubated with primary
antibodies at 37 °C for 2 h followed by incubation with
Alexa Fluor 488 and/or Alexa Flour 555 secondary
antibodies (Thermo Fisher) at 37 °C for 1 h after wash-
ing off non-specific primary antibodies with 1x PBS.
Cell nuclear was stained by DAPI (Thermo Fisher) for
3-5 min at room temperature after non-specific sec-
ondary antibodies being washed off by 1x PBS. 1x PBS
was used to wash off non-specific DAPI, and IF staining
was visualized by fluorescence inversion microscope
system (Zeiss). The antibodies used in IF assays were
shown below. Anti-Flag (Mouse mAb, Sigma # F3165,
1:5000), Anti-DYKDDDK-Tag (Mouse mAb, Abmart
# M20008, 1:1000), Anti-Emerin (Rabbit pAb, Bio-
world Technology # BS6162, 1:300), Anti-Ezh2 (Rab-
bit pAb, Millipore # 07-689, 1:250), Anti-H3K27me3
(Rabbit pAb, Millipore # 07-449, 1:500), Anti-MHC
(Mouse mAb, Developmental Studies Hybridoma Bank
MF20, 1:200), Goat anti-Mouse IgG (H+L) Highly
Cross-Adsorbed Secondary Antibody, Alexa Fluor 555
(Thermo Fisher, # A21424, 1:1000), Goat anti-Rabbit
IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa
Fluor 488 (Thermo Fisher, # A11008, 1:1000).

The subnuclear localization was quantitated using
Image] (http://rsb.info.nih.gov/ij/) [37]. A line was
drawn from the nuclear periphery to the nuclear center,
and along this line, the fluorescence intensity was
recorded; the pixel values versus radial position were
used to generate the quantitative plot. As indicated cell
data were shown for individual representative cells.

Acquirement of epiCRISPR/Cas9 knockdown cells

The epiCRISPR/Cas9 plasmid with Emerin-gRNA was
constructed according to the protocol applied by Xie
et al [36]. Two gRNAs targeting Emerin DNA sequence
were designed by an online tool (http://crispr.mit.edu/).
The epiCRISPR/Cas9 with Emerin-gRNA plasmids
were transfected into C2C12 myoblasts when cell con-
fluence was over 70% using Lipofectamine 2000 reagent
(Invitrogen) according to the manufacturer’s recom-
mendations. Cells were selected by puromycin (3 pg/
mL) (Sangon Biotech) 1 day after transfection. When
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cell confluence was 50%, puromycin was removed from
DMEM supplemented with 10% FBS to let the cells
with epiCRISPR/Cas9 plasmids proliferate well. When
cell confluence was 90%, they were used for cryopreser-
vation and evaluation of knockdown efficiency by
Western blotting.

Statistical analysis

At least three independent experiments were performed
for each assay. The average values of the parallel experi-
ments were given as the mean + SD. Comparison of dif-
ferences between two groups was carried out by Student’s
t-test. Significance was defined as p<0.01 (***p<0.0001,
*p<0.001, *p<0.01).

Results

Msx1 associates with Emerin via the homeodomain

Our results of IP-MS using nuclear extracts from C2C12
myoblasts overexpressing exogenous Msx1l fused with
tags showed that Msx1 associated with Emerin (Fig. 1).
To confirm the possible interaction between Msx1 and
Emerin, we firstly overexpressed Msx1 fused with tags
in C2C12 myoblasts and 293T cells to perform Co-IP
respectively (Fig. 2a, b). Our data showed that Msxl
associated with Emerin both in C2C12 myoblasts and
293T cells, regardless of applying Anti-Flag beads or
Anti-c-Myc beads to enrich the Msx1-interacted proteins
(Fig. 2a, b). Furthermore, results of Co-IP using Anti-
Msx1 antibody to enrich Msxl-interacted proteins in
mouse developing limbs (E11.5) identified the interaction
between these two proteins in vivo (Fig. 2¢), indicating
the potential biological significance of these two proteins’
association.

Flag-Msx1 Myc-Msx1
< C
Marker o ¢ o W° o WC o o
s =
R
o - o —
37K — p—
Emerin= Emerin=
25K—
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p—

Fig. 1 Msx1 associates with Emerin in C2C12 myoblasts. IP-MS using
C2C12 myoblasts with exogenous Flag-Msx1 or Myc-Msx1
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Fig. 2 Msx1 associates with Emerin via the homeodomain, regardless
of DNA binding ability. a C2C12 myoblasts were overexpressed with
Flag-Msx1 or Myc-Msx1. Whole cell lysates of C2C12 myoblasts with
overexpressed Flag-Msx1 or Myc-Msx1 were immunoprecipitated
with anti-Flag beads or anti-c-Myc beads respectively followed by
immunoblotting for Emerin or other proteins as indicated. H3K9me2
was a positive control. b 239T cells overexpressed with exogenous
Flag-Msx1 were used for Co-IP. Whole cell lysates of 293T cells with
overexpressed Flag-Msx1 were immunoprecipitated with anti-Flag
beads followed by immunoblotting for Emerin, Flag and B-Actin.

¢ Lysates of embryonic forelimb (E11.5) were immunoprecipitated
with anti-Msx1 antibody followed by immunoblotting for Emerin
and Msx1. d Domain mapping analyses. 293T cells overexpressed
with Msx1 protein fragments were used for immunoprecipitation
followed by immunoblotting for Emerin, Flag and B-Actin. e
Schematic representation of Msx1 protein fragments according to its
functional domain. f 293T cells were overexpressed with exogenous
Msx1 or Msx1-A (K174A, R176A and F179A). Whole cell lysates

were immunoprecipitated with Anti-Msx1 antibody followed by
immunoblotting for Emerin, Msx1 and 3-Actin

Msx1 is consisted of multiple functional domains,
which contribute to DNA binding ability, transcrip-
tional repression function and subnuclear localization of
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Msx1 [33-35]. We obtained five Msx1 protein fragments
according to its functional domains based on previous
works [33-35]. Utilizing these protein fragments, we
identified that the homeodomain of Msx1 was essential
for the interaction between itself and Emerin (Fig. 2d,
e). Considering that the homeodomain endows Msx1
with DNA binding ability [35], we wondered whether the
interaction between Msx1 and Emerin relied on DNA.
We used Msx1A (there are three mutations in amino
acids’ sequence of Msx1, which are K174A, R176A, and
F179A), a Msx1 mutant losing DNA binding ability, to
investigate whether the interaction was mediated by
DNA. Co-IP data in 293T cells showed that DNA bound
by Msx1 was dispensable for the interaction between
Msx1 and Emerin (Fig. 2f). So we believed that the home-
odomain was essential for the interaction between Msx1
and Emerin, regardless of Msx1’s DNA binding ability.

Since Msx1 tends to be enriched at the nuclear periph-
ery in myogenic lineage [33-35], we next validated the
co-localization of Msx1 and Emerin in C2C12 myoblasts.
Our immunofluorescence (IF) data showed that exog-
enous Msx1 and Emerin had the same spatial localization
in C2C12 myoblasts, both of which were localized at the
nuclear periphery in cells overexpressed with exogenous
Flag-Msx1 (Fig. 3a, b). These results suggested their
interaction most likely happened on the nuclear mem-
brane, which is consistent with Emerin’s nuclear localiza-
tion in myogenic lineage as an inner nuclear membrane
protein [11], and our previous data that Msx1 is located
at the nuclear periphery both in C2C12 myoblasts and
mouse limb buds [33-35].

Taken together, we showed that Msx1 interacted with
Emerin at the nuclear periphery, which required the
homeodomain of Msx1, but the interaction may not be
mediated by DNA. Importantly, the interaction also
existed in mouse developing limbs, suggesting the associ-
ation between Msx1 and Emerin was required for in vivo
functionality, like the maintenance of undifferentiated
state of myogenic precursors in developing limb buds.
Indeed, studies have shown that Msx genes are essential
for the proliferation of undifferentiated cells in limb buds
[38].

Emerin is indispensable for the nuclear periphery
localization of Msx1

Studies have shown that Msx1 is localized at the nuclear
periphery in myogenic lineage in vitro and in vivo, and
its subnuclear localization is relevant to target genes’
expression states [30, 33-35]. Since Emerin is local-
ized at the nuclear periphery itself, and we confirmed
the interaction between Msx1 and Emerin, we specu-
lated that Emerin contributed to Msx1’s precise subnu-
clear localization. To test this idea, we utilized siRNA



Ma et al. Cell Biosci (2019) 9:34

C2C12 Cells

o
w
=3
[=3

— Msx1
Emerin

N

(=3

=3
1

Fluorescence Intensity
o
(=3
o
i

o

o 2 4 6 8 10
Distance from nuclear periphery (um)

Fig. 3 Msx1 and Emerin are co-localized at the nuclear periphery. a

C2C12 myoblasts expressing exogenous Flag-Msx1 were used for IF

assays. b Quantitative analysis with ImageJ showed representative

data from three independent assays. Scale bars represented 10 um

and epiCRISPR/Cas9 system respectively to knockdown
or delete Emerin in C2C12 myoblasts [36] (Fig. 4a-f),
and investigated the subnuclear localization of Msx1 in
Emerin deficient cells (Fig. 4g—j).

For siRNA silencing, we observed that Emerin#2 siRNA
efficiently silenced the transcription of Emerin in C2C12
myoblasts among three Emerin siRNAs (Fig. 4a, b). The
expression level of Emerin in C2C12 myoblasts trans-
fected with Emerin#2 siRNA was intensively reduced
(>80%, p<0.0001, 10 nM siRNA were used for screen-
ing) (Fig. 4b). Then we identified that the most effective
working concentration for Emerin#2 siRNA was 50 nM
(Fig. 4c, d). The signal of Emerin protein was obviously
weakened when 50 nM Emerin#2 siRNA was transfected
to C2C12 myoblasts (Fig. 4c), and the transcription of
Emerin was inhibited over 70% (p<0.0001) (Fig. 4d).
Given that siRNA was not capable of eliminating target
genes’ expression in a single cell, we implemented the
knock-out of Emerin on a single cell level by transfecting
epiCRISPR/Cas9 system to C2C12 myoblasts [36]. Here
we emphasized that though epiCRISPR/Cas9 system
was able to delete our target gene on a single cell level, it
was technically tough to ensure the knock-out efficiency
in all cells of a cell population. Since epiCRISPR/Cas9
system was applied to cell populations in our work, we
still described it as knockdown of Emerin in this writing
(Fig. 4e, f). For epiCRISPR/Cas9 system, we designed two
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guide RNAs (gRNAs) for the DNA sequence encoding
Emerin to ensure the knockdown efficiency of Emerin by
editing both of gRNAs at the same time, and there were
40 base pairs in mice genome between these two gRNAs’
target sites (Fig. 4f). Barely no signal of Emerin was
detected in epiCRISPR/Cas9 knockdown group showed
by our Western blotting data, suggesting that Emerin was
efficiently knockdown in epiCRISPR/Cas9-transfected
C2C12 myoblasts (Fig. 4e).

Then we performed IF in C2C12 myoblasts transfected
with Emerin#2 siRNA and epiCRISPR/Cas9 system
respectively. As what we had expected, the distribution
of exogenous Msx1 altered from the nuclear periphery
to interior nuclear when Emerin was repressed or com-
pletely inhibited (Fig. 4g—j). For siRNA group, more than
100 cells transfected with control siRNA or Emerin#2
siRNA were analyzed respectively. We observed that
Msx1 was localized at the nuclear periphery in over
90% of cells with control siRNA, while evenly distrib-
uted in interior nuclear in 100% of cells with Emerin#2
siRNA. For epiCRISPR/Cas9 group, 100 cells transfected
with Cas9 plasmids or gEmerin plasmids were analyzed
respectively. Msx1 was localized at the nuclear periphery
in about 80% control cells but only 20% Emerin knock-
down cells. These observations suggested that a certain
amount of Emerin was required for the nuclear periph-
ery localization of Msx1 in a single C2C12 myoblast.
Each time before we performed IF using Emerin knock-
down cells, the expression level of Emerin were checked
through Western blotting to ensure the maintenance of
knockdown efficiency (data not shown).

Consistently, our previous data have shown that the
Msx1 protein fragment (1-172) is distributed in the inte-
rior nuclear [33-35]. And in this work, we identified that
the Msx1 protein fragment (1-172) didn’t interact with
Emerin. Combined these two results with our IF data
using C2C12 myoblasts lacking Emerin, we concluded
that Msx1’s precise subnuclear localization in myogenic
lineage required Emerin, and their association was neces-
sary for the nuclear periphery localization of Msx1.

Emerin impairs the redistribution of H3K27me3 mediated
by Msx1 in C2C12 myoblasts

Our previous studies have shown that Msx1 recruits
histone methyltransferase Ezh2 to target repressive
genes and redistributes histone mark H3K27me3,
which is modified by Ezh2, from interior nuclear to
the nuclear periphery during inhibition of myogenesis
[35]. Since the subnuclear localization of Msx1 relied
on its interaction with Emerin, and Msx1-induced
nuclear periphery-enrichment of Ezh2 and repressive
mark H3K27me3 in C2C12 myoblasts, we speculated
that histone methyltransferase Ezh2 and histone mark
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Fig. 4 Emerin contributes to the nuclear periphery localization of Msx1. a—d Knockdown Emerin in C2C12 myoblasts using siRNAs. a The
expression levels of Emerin after using different siRNAs to knockdown Emerin in C2C12 myoblasts. b mRNA levels of Emerin after using different
SIRNAs to knockdown Emerin in C2C12 myoblasts. Data are shown as the relative expression level in cells with the Emerin siRNA or the control.
Values are the mean = SD. ***p < 0.0001, **p <0.001, *p <0.01. ¢ The expression levels of Emerin after using Emerin#2 siRNA in different transfection
concentrations to knockdown Emerin in C2C12 myoblasts. d mRNA expression levels of Emerin after using Emerin#2 siRNA in different transfection
concentrations to knockdown Emerin in C2C12 myoblasts. Data are shown as the relative expression level in cells with the Emerin siRNA or the
control. Values are the mean = SD. ***p < 0.0001, **p <0.001, *p < 0.01. e, f Knockdown Emerin in C2C12 myoblasts using epiCRISPR/Cas9 system.

e The expression levels of Emerin using epiCRISPR/Cas9 system to knockdown Emerin in C2C12 myoblasts. f Schematic diagram of two guide
RNAs. g-j IF data showing the subnuclear localization of Msx1 altered from the nuclear periphery to interior nuclear after Emerin was knockdown
in C2C12 myoblasts. g IF assays performed in C2C12 myoblasts transfected with Emerin#2 siRNA. h IF assays performed in C2C12 myoblasts
transfected with epiCRISPR/Cas9 plasmids. i—j Quantification of Msx1 localization from G and H was done using Imagel. Scale bars represented

10 um

H3K27me3 would be no longer localized at the nuclear
periphery in Emerin deficient C2C12 myoblasts over-
expressed with exogenous Msx1. Indeed, we observed
that when Emerin was deleted in a single C2C12 myo-
blast by epiCRISPR/Cas9 system, the histone methyl-
transferase Ezh2 moved from the nuclear periphery to

interior nuclear (Fig. 5a), so did the repressive histone
mark H3K27me3 (Fig. 6a, c). For the subnuclear locali-
zation of Ezh2 or H3K27me3, 100 control cells and 100
Emerin knockdown cells were analyzed respectively.
Ezh2 and H3K27me3 were localized at the nuclear
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Fig. 5 The subnuclear localization of Ezh2 alters from the nuclear periphery to interior nuclear after Emerin is knockdown in C2C12 myoblasts. a IF
assays using C2C12 myoblasts with exogenous Flag-Msx1. Emerin was knockdown in C2C12 myoblasts using epiCRISPR/Cas9 system. Ezh2 was no
longer localized at the nuclear periphery after Emerin was knockdown in C2C12 myoblasts. b IF assays using 293T cells with exogenous Flag-Msx1.
Exogenous Msx1 was localized at the nuclear periphery in 293T cells, but Ezh2 distributed at the interior nuclear. Scale bars represented 10 um

periphery in more than 80 control cells but less than 20
Emerin knockdown cells.

Besides, in the majority of 293T cells (over 90% in 100
cells), we observed that though exogenous Msx1l was
localized at the nuclear periphery as in C2C12 myoblasts,
Ezh2 was not co-localized with Msx1 (Fig. 5b). Consist-
ently, the repressive mark H3K27me3 was evenly distrib-
uted in the inner nuclear in 293T cells (Fig. 6b, d). These
results indicated that the redistribution of histone meth-
yltransferase Ezh2 and histone mark H3K27me3 induced
by Msx1 was cell lineage specific, and the redistribu-
tion of repressive methylated marks mediated by Msx1
was dependent on cell context. Actually, not only did
the distribution of Msx1’s protein partners rely on cell
type, Msx1’s distribution was different from cell type to
cell type [35]. These reminded us of distinct ways Msx1
applied to regulate target genes in individual cell types.

Thus we concluded that the deficiency of Emerin
destroyed the well-organized distribution of Msx1
and its protein partners in C2C12 myoblasts, and the

redistribution of histone methyltransferases and their
repressive histone marks mediated by Msx1 was cell line-
age specific.

Emerin is required for Msx1 to inhibit myogenesis

Next we investigated whether the interaction between
Msx1 and Emerin assisted Msx1 with target myogenic
regulatory genes’ repression and inhibition of myogen-
esis. We speculated that Emerin participated in histone
methyltransferases recruitment and repressive histone
marks redistribution mediated by Msx1 to inhibit myo-
genic differentiation.

To identify our hypothesis, we investigated the altera-
tion of myogenic differentiation states and target genes’
expression levels in C2C12 myoblasts with Emerin
knockdown and control cells. We utilized epiCRISPR/
Cas9 system to knockdown Emerin in C2C12 myoblasts
firstly, then overexpressed Msx1 in these cells to obtain
cells which were deficient in the expression of Emerin
while overexpressed Msx1 (Fig. 7a). When Emerin was




Ma et al. Cell Biosci (2019) 9:34 Page 9 of 13
a b c
C2C12 Cells 293T Cells
" C2C12 Cells
Cas9 gEmerin Vector Msx1
H3K27me3 H3K27me3 H3K27me3 2 20 — caso
g 150 — gEmerin
s
2 100
8
§ 50
™
0 2 4 6 8

Fig. 6 The subnuclear localization of H3K27me3 alters from the nuclear periphery to interior nuclear after Emerin is knockdown in C2C12
myoblasts. a IF assays using C2C12 myoblasts with exogenous Flag-Msx1. Emerin was knockdown in C2C12 myoblasts using epiCRISPR/Cas9
system. H3K27me3 was no longer localized at the nuclear periphery after Emerin was knockdown in C2C12 myoblasts. b IF using 293T cells with
exogenous Flag-Msx1. H3K27me3 distributed at the interior nuclear in 293T cells. ¢ Quantification of H3K27me3 localization in C2C12 myoblasts
was done using ImageJ. d Quantification of H3K27me3 localization in 293T cells was done using ImageJ. Scale bars represented 10 um

Distance from nuclear periphery (um)

d 293T Cells
300

£ — Msxt

$ H3k27me3

£ 200

-3

o

c

g

@ 100

e

=3

= e T
L'

0 2 4 6 &

Distance from nuclear periphery (um)

knockdown in C2C12 myoblasts, myogenic regulatory
genes MyoD and Myf5 were up-regulated in varying
degrees, about threefold increase (p<0.0001) and four-
fold increase (p<0.01) respectively (Fig. 7b), which was
consistent with Emerin’s function in repressing MyoD and
Myf5 through forming a complex with Lmo7 to reduce
inner nuclear Lmo7, which is an activator of MyoD and
Myf5 [39, 40]. In Msx1-overexpressed C2C12 myoblasts,
the deficiency of Emerin attenuated the repression of
MpyoD (about 0.3-fold increase, p<0.01) and Myf5 (about
0.3-fold increase, p<0.001) mediated by Msx1, and led to
a partial differentiation (Fig. 7b, c). Here we only observed
a partial but not complete differentiation of C2C12 myo-
blasts. This was possibly attributed to the existence of
inner nuclear membrane proteins besides Emerin, which
may also contribute to Msx1’s nuclear periphery localiza-
tion. Indeed, in our IP-MS data using C2C12 myoblasts
overexpressed with Msx1, some other inner nuclear mem-
brane proteins also have been identified (data not shown).

Based on these results, we proposed a Ship-to-Anchor
model to illustrate the role of Emerin in inhibition of
myogenesis mediated by Msx1 (Fig. 7d). In this model,
Emerin acted as an anchor at the nuclear periphery to

maintain the precise subnuclear localization of Msx1. At
the time Msx1 was highly expressed in C2C12 myoblasts,
Msx1 was locked by Emerin at the nuclear periphery,
then recruited histone methyltransferase Ezh2 to tar-
get myogenic regulatory genes to ensure the repression
of target genes through maintaining chromosomes in a
repressive state.

Discussion

It’s intriguing that Msx1 tends to be localized at the
nuclear periphery in myogenic lineage in vitro and
in vivo, in which Msx1’s repressive genes are localized at
the nuclear periphery as well. Our laboratory has shown
that Msx1 is able to recruit histone methyltransferases to
target myogenic regulatory genes to inhibit their expres-
sion through altering the modification states of chromo-
somes [33-35]. However, the mechanisms underlying
Msx1 and its protein partners’ nuclear periphery locali-
zation are unclear.

In this work, we report an inner nuclear membrane
protein, Emerin, acting as an anchor at the inner nuclear
membrane to guarantee the precise nuclear position of
Msx1 and its protein partners. A Ship-to-Anchor model
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Schematic diagram of Ship-to-Anchor model. Emerin associated with Msx1 at the nuclear periphery to help Msx1 with the recruitment of histone
methyltransferase Ezh2 to target genes

is proposed according to our data. We consider Emerin  their interaction occurs at the nuclear periphery. The

as an anchor to keep Msx1 and its protein partners at
the nuclear periphery stably in order to maintain the
cells expressing high level of Msx1 in an undifferenti-
ated state (Fig. 7d). The interaction between Msx1 and
Emerin is substantially validated through Co-IP both
in vitro and in vivo in our studies, and IF data indicate

deficiency of Emerin impairs inhibition of myogenic dif-
ferentiation mediated by Msx1, since Emerin is essential
for Msx1 in the repression of target myogenic regulatory
genes through assisting Msx1 with the recruitment of
histone methyltransferases to these genes at the nuclear
periphery specifically in C2C12 myoblasts.
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In our studies, the protein complexes consisting of
Msx1, Ezh2, and H3K27me3 enrich at the nuclear periph-
ery specifically in C2C12 myoblasts with exogenous
Msx1, but not in 293T cells, suggesting the mechanism
we revealed is cell context dependent. The explanation
to this phenotype is possibly that Msx1 cooperates with
specific protein partners to regulate genes’ expression
in different cell types. Accordingly, our previous studies
have shown that even the localization of Msx1 is inho-
mogeneous in different cell lineages. Like in neural tube,
Msx1 is evenly distributed in interior nuclear [35]. These
remind us that diverse target genes and distinct biologi-
cal contexts in different cell lineages determine the way a
transcriptional factor adopts to regulate the expression of
target genes.

For Emerin, studies from Demmerle and collabora-
tors have shown its capability of regulating genes’ posi-
tion under the help of other factors in myogenesis [27].
They performed chromatin immunoprecipitation (ChIP)
to verify that myogenic regulatory loci Myf5 and MyoD
are associated with Emerin in proliferating C2C12 myo-
blasts [27]. Consistently, our previous studies have shown
that myogenic regulatory genes, such as Myf5, MyoD, are
localized at the nuclear lamina in C2C12 myoblasts [33—
35]. But in this work, we emphasize the role of Emerin
after exogenous Msxl1 is introduced to C2C12 myoblasts.
Our present studies highlight that the stable maintenance
of undifferentiated state mediated by Msx1l in C2C12
myoblasts thanks to the association between Msx1 and
Emerin, since the enrichment of repressive histone meth-
ylated marks occurs after overexpressing exogenous
Msx1, the deficiency of Emerin directly disturbs Msx1
and its protein partners’ nuclear periphery localization.

Though overexpressing Msx1 in C2C12 myoblasts
is an in vitro model, some evidence might indicate the
in vivo significance of our studies. For instance, in the
limbs of E10.5 mouse embryos, Msx1 is enriched at the
nuclear periphery in the proliferating limb bud cells [35],
which is paralleled with the phenotypes we observed in
C2C12 myoblasts with exogenous Msx1. Besides, Msx1
is re-expressed in the proliferating muscle satellite cells
during skeletal muscle regeneration, and locates at the
nuclear periphery in these activated cells as well [30].
Furthermore, it’s well-characterized that Msx1 prevents
the pre-maturation of myogenic progenitor cells in skel-
etal muscle development, and Msx1’s expression level is
reduced as the myogenic differentiation starts [41, 42].
Combining these in vivo data with the facts that over-
expression of Msx1 transverses myotube to pluripotent
mononucleated cells [43, 44], and Msx1’s overexpression
inhibits terminal differentiation of C2C12 myoblasts and
transforms C2C12 myoblasts into a myogenic precur-
sor-like state [31, 43, 44], we consider that the nuclear
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periphery localization of Msxl1 is relevant to its function
in myogenic lineage restriction.

Recent work from Poleshko and collaborators showed
that Hdac3 regulates cardiac progenitor cell lineage
restriction through interacting with Lap2f, which medi-
ates the association between Hdac3 and nuclear lamina,
to control the accessibility of genes related to cardiac pro-
genitors’ differentiation [8]. Hdac3 was defined as a DNA
tether in their work, which enlightens us that whether
Msx1 performs as a DNA tether in myogenic lineage,
similar to the role of Hdac3 in cardiac progenitors. We
postulate that during the processes of skeletal muscle
development and regeneration, highly expressed Msx1
keeps the chromosomes of myogenic regulatory genes in
a condensed state at the nuclear periphery via associat-
ing with the inner nuclear membrane protein Emerin
in myogenic precursors or activated muscle stem cells.
When it comes into a differentiation stage, the decreased
expression level of Msx1 releases these target myogenic
regulatory genes from the nuclear periphery to interior
nuclear, letting myogenic differentiation go on smoothly.
Certainly, other nuclear lamina proteins may also con-
tribute to Msx1 and its protein partners’ nuclear periph-
ery localization, which should be further investigated.

Besides, we notice that the nuclear size of C2C12 myo-
blasts varies in our IF data (Figs. 4, 5, 6). We attribute
the heterogeneity of nuclear size to the long-term use of
Puromycin to enrich positive cells when using the epiC-
RISPR/Cas9 system [36]. Actually, C2C12 myoblast are
sensitive to Puromycin, which might affect the cell states
of C2C12 cells, causing the heterogeneity of nuclear size.
However, since the control cells were also treated with
the same amount of Puromycin for the same amount
of time, the influence of Puromycin could be ignored
when we identified the phenotypes. Furthermore, we
also observed that the nuclear size of C2C12 myoblasts
with Emerin knockdown tended to be smaller than the
nuclear size of control cells (Figs. 4, 5, 6). Since Emerin
is involved in the stability of nuclear shape [45], we con-
sider this phenotype as the reflection of nuclear shape
instability caused by the knockdown of Emerin.

Finally, our studies revealed a candidate nuclear lam-
ina associated protein Emerin, which cooperates with
Msx1 to inhibit myogenesis. This provided a mechanistic
insight into which Msx1 maintains its protein partners
on target genes at the nuclear periphery using C2C12
in vitro models. And we theorized in vivo significance of
the nuclear periphery localization of Msx1 and its protein
partners, and the association between Msx1 and Emerin.
It’s necessary to provide enough in vivo evidence to
solidify our model. We hope that our speculation would
be validated through applying mouse models to collect
direct in vivo evidences in the future.



Ma et al. Cell Biosci (2019) 9:34

Authors’ contributions

ZM, HS and JW planned experiments; ZM, SH, YS, HL and YY performed experi-
ments; ZM, SH, JY, HZ, GW and JW analyzed data; ZM wrote the draft of paper;
GW and JW revised the paper. All the authors accepted the final version of the
paper. All authors read and approved the final manuscript.

Author details

! State Key Laboratory of Genetic Engineering and Collaborative Innovation
Center of Genetics and Development, School of Life Sciences and Zhongshan
Hospital, Fudan University, Shanghai 200438, People’s Republic of China.

2 Zhengzhou Revogene Inc, Zhengzhou 450000, People’s Republic of China.

3 State Key Laboratory of Cell Biology, CAS Center for Excellence in Molecular
Cell Science, Institute of Biochemistry and Cell Biology, Shanghai Institutes
for Biological Sciences, Chinese Academy of Sciences, Shanghai 200031,
People’s Republic of China.

Acknowledgements
We thank Dr. Yongming Wang for Emerin-gRNA design. We thank members of
our laboratory for many discussions and helpful comments on the manuscript.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
Please contact the corresponding author for data on reasonable request.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

Funding

This work was supported by grants from National Natural Science Founda-
tion of China (Nos 31471230, 31501053), the Program for Professor of Special
Appointment (Eastern Scholar) at Shanghai Institutions of Higher Learning (No
TP2015009), and Zhenggang Jingfa-2016-152.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 1 February 2019 Accepted: 2 April 2019
Published online: 11 April 2019

References

1. Towbin BD, Meister P, Gasser SM. The nuclear envelope—a scaffold for
silencing? Curr Opin Genet Dev. 2009;19(2):180-6.

2. Pickersgill H, Kalverda B, de Wit E, Talhout W, Fornerod M, van Steensel B.
Characterization of the Drosophila melanogaster genome at the nuclear
lamina. Nat Genet. 2006;38(9):1005-14.

3. Reddy KL, Zullo JM, Bertolino E, Singh H. Transcriptional repression
mediated by repositioning of genes to the nuclear lamina. Nature.
2008;452(7184):243-7.

4. Shaklai S, Amariglio N, Rechavi G, Simon AJ. Gene silencing at the nuclear
periphery. FEBS J. 2007;274(6):1383-92.

5. Engreitz JM, Pandya-Jones A, McDonel P, Shishkin A, Sirokman K, Surka C,
et al. The Xist INcRNA exploits three-dimensional genome architecture to
spread across the X chromosome. Science. 2013;341(6147):1237973.

6. Wu S, Hu YC, Liu H, ShiY. Loss of YY1 impacts the heterochromatic state
and meiotic double-strand breaks during mouse spermatogenesis. Mol
Cell Biol. 2009;29(23):6245-56.

7. Barrales RR, Forn M, Georgescu PR, Sarkadi Z, Braun S. Control of hetero-
chromatin localization and silencing by the nuclear membrane protein
Lem2. Genes Dev. 2016;30(2):133-48.

8. Poleshko A, Shah PP, Gupta M, Babu A, Morley MP, Manderfield LJ, et al.
Genome-nuclear lamina interactions regulate cardiac stem cell lineage
restriction. Cell. 2017;171(3):573-87.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

Page 12 of 13

Helbling-Leclerc A, Bonne G, Schwartz K. Emery-Dreifuss muscular dystro-
phy. Eur JHum Genet. 2002;10(3):157-61.

Mendez-Lopez |, Worman HJ. Inner nuclear membrane proteins: impact
on human disease. Chromosoma. 2012;121(2):153-67.

. Bione S, Maestrini E, Rivella S, Mancini M, Regis S, Romeo G, et al. Identifi-

cation of a novel X-linked gene responsible for Emery-Dreifuss muscular
dystrophy. Nat Genet. 1994,8(4):323-7.

Nagano A, Koga R, Ogawa M, Kurano Y, Kawada J, Okada R, et al. Emerin
deficiency at the nuclear membrane in patients with Emery-Dreifuss
muscular dystrophy. Nat Genet. 1996;12(3):254-9.

Manilal S, Nguyen TM, Sewry CA, Morris GE. The Emery-Dreifuss muscular
dystrophy protein, Emerin, is a nuclear membrane protein. Hum Mol
Genet. 1996;5(6):801-8.

Brachner A, Foisner R. Evolvement of LEM proteins as chromatin tethers
at the nuclear periphery. Biochem Soc Trans. 2011;39(6):1735-41.

Cai M, Huang Y, Ghirlando R, Wilson KL, Craigie R, Clore GM. Solution
structure of the constant region of nuclear envelope protein LAP2 reveals
two LEM-domain structures: one binds BAF and the other binds DNA.
EMBO J. 2001;20(16):4399-407.

Lin F, Blake DL, Callebaut |, Skerjanc IS, Holmer L, McBurney MW,

et al. MANT, an inner nuclear membrane protein that shares the LEM
domain with lamina-associated polypeptide 2 and emerin. J Biol Chem.
2000;275(7):4840-7.

Segura-Totten M, Wilson KL. BAF: roles in chromatin, nuclear structure
and retrovirus integration. Trends Cell Biol. 2004;14(5):261-6.

Margalit A, Segura-Totten M, Gruenbaum Y, Wilson KL. Barrier-to-autointe-
gration factor is required to segregate and enclose chromosomes within
the nuclear envelope and assemble the nuclear lamina. Proc Natl Acad
Sci USA. 2005;102(9):3290-5.

Samson C, Petitalot A, Celli F, Herrada I, Ropars V, Le Du MH, et al.
Structural analysis of the ternary complex between lamin A/C, BAF and
emerin identifies an interface disrupted in autosomal recessive progeroid
diseases. Nucleic Acids Res. 2018;46(19):10460-73.

Segura-Totten M, Kowalski AK, Craigie R, Wilson KL. Barrier-to-autointe-
gration factor: major roles in chromatin decondensation and nuclear
assembly. J Cell Biol. 2002;158(3):475-85.

Haraguchi T, Koujin T, Segura-Totten M, Lee KK, Matsuoka Y, Yoneda Y,

et al. BAF is required for Emerin assembly into the reforming nuclear
envelope. J Cell Sci. 2001;114(Pt 24):4575-85.

Wang X, Xu S, Rivolta C, Li LY, Peng GH, Swain PK, et al. Barrier to auto
integration factor interacts with the cone-rod homeobox and represses
its transactivation function. J Biol Chem. 2002;277(45):43288-300.
Holaska JM, Lee KK, Kowalski AK, Wilson KL. Transcriptional repressor
germ cell-less (GCL) and barrier to auto integration factor (BAF) compete
for binding to Emerin in vitro. J Biol Chem. 2003;278(9):6969-75.

Yorifuji H, Tadano Y, Tsuchiya Y, Ogawa M, Goto K, Umetani A, et al. Emerin,
deficiency of which causes Emery-Dreifuss muscular dystrophy, is local-
ized at the inner nuclear membrane. Neurogenetics. 1997;1(2):135-40.
Markiewicz E, Venables R, Mauricio Alvarez R, Quinlan R, Dorobek M,
Hausmanowa-Petrucewicz |, et al. Increased solubility of lamins and
redistribution of Lamin C in X-linked Emery-Dreifuss muscular dystrophy
fibroblasts. J Struct Biol. 2002;140(1-3):241-53.

Fidzianska A, Hausmanowa-Petrusewicz I. Architectural abnormalities in
muscle nuclei. Ultrastructural differences between X-linked and autoso-
mal dominant forms of EDMD. J Neurol Sci. 2003;210(1):47-51.
Demmerle J, Koch AJ, Holaska JM. Emerin and histone deacetylase 3 (HDAC3)
cooperatively regulate expression and nuclear positions of MyoD, Myf5, and
Pax7 genes during myogenesis. Chromosome Res. 2013;21(8):765-79.
Bendall AJ, Abate-Shen C. Roles for Msx and DIx homeoproteins in verte-
brate development. Gene. 2000;247(1-2):17-31.

Bendall AJ, Ding J, Hu G, Shen MM, Abate-Shen C. Msx1 antagonizes the
myogenic activity of Pax3 in migrating limb muscle precursors. Develop-
ment. 1999;126(22):4965-76.

Vojnits K, Pan H, Mu X, Li Y. Characterization of an injury induced popula-
tion of muscle-derived stem cell-like cells. Sci Rep. 2015;5:17355.

Hu G, Lee H, Price SM, Shen MM, Abate-Shen C. Msx homeobox genes
inhibit differentiation through upregulation of cyclin D1. Development.
2001;128(12):2373-84.

Lee H, Habas R, Abate-Shen C. MSX1 cooperates with histone

H1b for inhibition of transcription and myogenesis. Science.
2004,304(5677):1675-8.



Ma et al. Cell Biosci

33.

34

35.

36.

37.

38.

39.

(2019) 9:34

Wang J, Abate-Shen C. The MSX1 homeoprotein recruits G9a meth-
yltransferase to repressed target genes in myoblast cells. PLoS ONE.
2012,7(5):e37647.

Wang J, Abate-Shen C. Transcriptional repression by the Msx1 homeopro-
tein is associated with global redistribution of the H3K27me3 repressive
mark to the nuclear periphery. Nucleus. 2012;3(2):155-61.

Wang J, Kumar RM, Biggs VJ, Lee H, Chen Y, Kagey MH, et al. The Msx1
homeoprotein recruits polycomb to the nuclear periphery during devel-
opment. Dev Cell. 2011;21(3):575-88.

Xie Y, Wang D, Lan F, Wei G, Ni T, Chai R, et al. An episomal vector-based
CRISPR/Cas9 system for highly efficient gene knockout in human pluripo-
tent stem cells. Sci Rep. 2017;7(1):2320.

Girish V, Vijayalakshmi A. Affordable image analysis using NIH Image/
Imagel. Indian J Cancer. 2004;41(1):47.

Koshiba K, Kuroiwa A, Yamamoto H, Tamura K, Ide H. Expression of Msx
genes in regenerating and developing limbs of axolotl. J Exp Zool.
1998;282(6):703-14.

Holaska JM, Rais-Bahrami S, Wilson KL. Lmo7 is an Emerin-binding protein
that regulates the transcription of Emerin and many other muscle-rele-
vant genes. Hum Mol Genet. 2006;15(23):3459-72.

40.

41.

42.

43.

44,

45.

Page 13 of 13

Ooshio T, Irie K, Morimoto K, Fukuhara A, Imai T, Takai Y. Involvement of
LMO?7 in the association of two cell-cell adhesion molecules, nectin and
E-cadherin, through afadin and alpha-actinin in epithelial cells. J Biol
Chem. 2004,279(30):31365-73.

Buckingham M, Rigby PW. Gene regulatory networks and transcriptional
mechanisms that control myogenesis. Dev Cell. 2014;28(3):225-38.
Endo T. Molecular mechanisms of skeletal muscle development, regen-
eration, and osteogenic conversion. Bone. 2015;80:2-13.

Odelberg SJ, Kollhoff A, Keating MT. Dedifferentiation of mammalian
myotubes induced by msx1. Cell. 2000;103(7):1099-109.

Yang Z, Liu Q, Mannix RJ, Xu X, Li H, Ma Z, et al. Mononuclear cells from
dedifferentiation of mouse myotubes display remarkable regenerative
capability. Stem Cells. 2014,32(9):2492-501.

Reis-Sobreiro M, Chen JF, Novitskaya T, You S, Morley S, Steadman K, et al.
Emerin deregulation links nuclear shape instability to metastatic poten-
tial. Cancer Res. 2018;78(21):6086-97.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Emerin anchors Msx1 and its protein partners at the nuclear periphery to inhibit myogenesis
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Materials and methods
	Description of plasmids
	Cell culture analyses
	Animal studies
	Immunoprecipitation coupled with Mass Spectrometry (IP-MS) analysis
	Real-time PCR for gene expression
	Co-immunoprecipitation (Co-IP) and Western blotting analyses
	Immunofluorescence (IF) assays
	Acquirement of epiCRISPRCas9 knockdown cells
	Statistical analysis

	Results
	Msx1 associates with Emerin via the homeodomain
	Emerin is indispensable for the nuclear periphery localization of Msx1
	Emerin impairs the redistribution of H3K27me3 mediated by Msx1 in C2C12 myoblasts
	Emerin is required for Msx1 to inhibit myogenesis

	Discussion
	Authors’ contributions
	References




