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HIGHLIGHTS

¢ Interactions between CK2 and the Brg1 chromatin remodeling enzyme occur during mitosis

CK2-Brg1 interactions are independent of CK2 catalytic activity

CK2-mediated phosphorylation of Brg1 is a mitotic event

CK2-mediated phosphorylation of Brg1 is conserved across mammalian cell types

The mitotically hyperphosphorylated form of Brg1 is localized with soluble chromatin
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ABSTRACT

Brg1 (Brahma related gene 1) is one of two mutually exclusive ATPases that can act as the
catalytic subunit of mammalian SWI/SNF chromatin remodeling enzymes that facilitate
utilization of the DNA in eukaryotic cells. Brg1 is a phospho-protein and its activity is regulated
by specific kinases and phosphatases. Previously, we showed that Brg1 interacts with and is
phosphorylated by casein kinase 2 (CK2) in a manner that regulates myoblast proliferation.
Here we demonstrate that the Brg1-CK2 interaction occurred during mitosis in embryonic
somites and in primary myoblasts derived from satellite cells isolated from muscle tissue. The
interaction of CK2 activity with Brg1 and the incorporation of a number of other subunits into the
mSWI/SNF enzyme complex were independent of CK2 enzymatic activity. CK2-mediated
hyperphosphorylation of Brg1 was observed in mitotic cells derived from multiple cell types and
organisms, suggesting functional conservation across tissues and species. The mitotically
hyperphosphorylated form of Brg1 was localized with soluble chromatin, demonstrating that
CK2-mediated phosphorylation of Brg1 is associated with specific partitioning of Brg1 within
sub-cellular compartments. Thus CK2 acts a mitotic kinase that regulates Brg1 phosphorylation

and sub-cellular localization.
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INTRODUCTION

The mammalian SWI/SNF (SWitch/Sucrose Non-Fermentable; mSWI/SNF) complexes belong
to a family of chromatin-remodeling enzymes that utilize ATP to modify chromatin structure and
DNA/histone contacts [1-3]. These chromatin remodelers can either promote or inhibit the
accessibility of various factors that control gene transcription, replication, recombination, and
repair [4-6]. The enzymatic activity of the mSWI/SNF complexes are driven by the ATPase
Brahma-related gene 1 (Brg1) or Brahma (Brm) [2, 7-9]. There are many associated subunits
that combine in an ordered manner [10] to form different subfamilies of complexes that contain
both common and unique subunits [10-14]. The great diversity of enzyme complex assemblies

is thought to enable cell- and developmental stage-specific functions [14, 15].

We and others have shown that the activity of Brg1 and other components of the mSWI/SNF
complex is post-translationally regulated by various signaling pathways [16-22]. For instance, in
the liver, Baf60c phosphorylation via the insulin signaling pathway enables the expression of
lipogenic genes [23]. In cardiac muscle the DPF/Baf45c¢ subunit is phosphorylated in response
to hypertrophic signaling [19]. The catalytic subunit Brg1 is phosphorylated upon DNA-damage
signaling by the ataxia telangiectasia-mutated kinase, resulting in the binding of the ATPase to
nucleosomes containing y-H2AX to enable repair centers [24]. In Drosophila, where there is
only one catalytic subunit, phosphorylation by cyclin-dependent kinases is needed for cell
proliferation and development of wing epithelium [25]. Studies of skeletal muscle differentiation
showed that the Baf60c subunit is phosphorylated by the mitogen-activated protein kinase p38,
which allows the assembly of the rest of the mSWI/SNF complex at myogenic promoters [18,
26]. mSWI/SNF enzymes are required for myoblast proliferation and at multiple stages of
differentiation [27-32]. Regulated phosphorylation and dephosphorylation of Brg1 is an essential
part of both proliferation and differentiation [16, 17, 22]. Phosphorylation of Brg1 by protein

kinase C B1 (PKCp1) prior to the induction of differentiation signaling has a repressive effect on
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the function of Brg1 and leads to a block of myogenic differentiation [16]. However,
dephosphorylation of Brg1 by the phosphatase, calcineurin, opposes the activity of PKCB1,
allowing chromatin remodeling by Brg1 and initiation of myogenesis [16]. Mutagenesis and
unbiased mass spectrometry analyses of Brg1 phosphopeptides in the presence and absence
of a calcineurin inhibitor identified calcineurin target sequences, but the mass spectrometry data
identified additional Brg1 phosphopeptides that were not responsive to calcineurin inhibition
[16]. This suggested that Brg1 is a target of additional signal transduction pathways. Our
subsequent studies showed that Brg1 was phosphorylated by casein kinase 2 (CK2), a
Serine/Threonine kinase, which promoted myoblast proliferation and survival by regulating sub-
nuclear localization and incorporation of one of two related subunits, BAF155/BAF 170, into the

enzyme complex [17].

CK2 is ubiquitously expressed and functions as a tetramer of two catalytic subunits, CK2a or
CK2a’, and two CK2p regulatory subunits, and it has more than 300 known substrates [33-35].
CK2 is required for cell cycle progression, survival, apoptosis, and transcriptional regulation.
Knockout mice lacking the CK2a subunit show cardiac and neural tube defects and die during
embryogenesis, whereas mice lacking the a’ subunit have impaired spermatogenesis [36-38].
Knockout of the CK2B subunit in mice leads to reduced proliferation during embryogenesis,
which is reflected in the small size of the animals at embryonic day 6.5 (E6.5) and resorption at
E7.5 [39]. Analyses of a murine conditional knockout model showed that CK2p is essential for
viability of embryonic stem cells and primary embryonic fibroblasts [39]. In vitro cell experiments
have shown that CK2 inhibition results in cell cycle blockage and death [40-43]. Thus, CK2 has
been associated with proliferation, lineage determination and differentiation of various tissues,

including skeletal muscle [44].
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CK2-mediated regulation of myoblasts occurs at multiple levels. For instance, transcription
factors from the myogenic regulatory factor (MRF) family and paired box (Pax) 3 and 7 are
directly or indirectly regulated by CK2 activity [17, 45-52]. These proteins are necessary for the
proliferation and/or differentiation of muscle-specific precursor cells [46, 53-58]. In vivo studies
showed that the CK2a’-depleted mice have a similar muscular constitution as wild type animals
[38, 59]. However these CK2a’-knockout mice showed altered regeneration of skeletal muscle
due to the dysregulation of the cell cycle, which resulted in muscle fibers of reduced size [59].
Furthermore, muscles of mice depleted of the CK2B subunit presented with compromised
muscle endplate structure and function, and consequently, the differentiated fibers showed a
myasthenic phenotype [60]. /n vitro studies using C2C12 cells showed that each of the CK2
enzyme subunits contributed to the determination of the skeletal muscle lineage. CK23
contributed to myoblast commitment and muscle-specific gene expression as it is essential for
MyoD expression in proliferating myoblasts [61]. CK2a was required for the activation of the
muscle-specific gene program [61]. CK2a’ regulated myoblast fusion by facilitating membrane

translocation of fusogenic proteins such as myomixer [61].

Previous work from our group showed that Brg1 is required for the proliferation of primary
myoblasts derived from mouse satellite cells because it binds to and remodels chromatin at the
Pax7 promoter and activates its expression [28]. Pax7 is the master transcriptional regulator for
proliferation of the muscle satellite cells [62-65]. Pax7 knockout mice have a reduced pool of
satellite cells, which are gradually lost with age, impairing the animal’s capabilities to regenerate
muscle tissues [53, 54, 57, 66]. We showed that overexpression of Pax7 in primary myoblasts
lacking Brg1 rescues the cells from apoptosis and restores proliferation, indicating that Brg1
regulates Pax7 expression to promote primary myoblast survival and proliferation [28].
Furthermore, we showed that Brg1 is phosphorylated by CK2 in proliferating primary myoblasts

and that CK2 inhibition impaired Brg1 chromatin remodeling and transcriptional activity at the
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Pax7 locus [17]. In addition, phosphorylation of Brg1 by CK2 correlated with the subunit

composition of the mSWI/SNF enzyme complex and its sub-nuclear localization [17].

Here we report novel findings about Brg1 phosphorylation by CK2. We found that co-localization
between CK2 and Brg1 occurred only in cells undergoing mitosis in developing somites of
mouse embryos and in primary myoblasts isolated from satellite cells. Co-immunoprecipitation
from primary myoblasts in M phase confirmed the association of Brg1 with CK2. The interaction
between CK2 and Brg1 or other mSWI/SNF subunit proteins in mitotic cells was independent of
CK2 enzymatic activity, whereas localization to soluble chromatin did require CK2 enzymatic
function. Importantly, CK2-dependent hyperphosphorylation of Brg1 was conserved across
different cell lineages. We note that prior work showed phosphorylation of Brg1 during M phase
by extracellular signal-regulated kinases (ERKs) [67, 68], which therefore indicates multiple

protein kinases act on Brg1 during mitosis.
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RESULTS

Brg1 and CK2 co-localize in mitotic cells in developing somites of mouse embryos.

Work from our group and many others has demonstrated that CK2 is implicated in myoblast
function [17, 45-52, 59-61]. Specifically, we demonstrated that CK2 modulates the ability of Brg1
to promote myoblast proliferation by inducing Pax7 expression [17]. To corroborate our studies
in vivo, we investigated the interaction between CK2 and Brg1 in murine embryonic somite
development. Somites are fast-dividing paired blocks of paraxial mesoderm that are the source
of the sclerotome, myotome, and dermatome, which give rise to bone, muscle, and the dermis,
respectively. Confocal microscopy analyses confirmed that Brg1 and CK2 are expressed in
somitic cells from E9.5 mice (Fig. 1). As expected, Brg1 localization was nuclear, and CK2
localization was predominantly, but not exclusively, cytoplasmic. Strikingly, little or no co-
localization between these proteins was detected in interphase cells, however, clear co-
localization of Brg1 and CK2 was detected in mitotic cells (Fig. 1, lower panel, white arrows).
Mitotic cells were marked by the detection of condensed chromosomes stained with
phosphorylated histone H3 (PHH3). In order to further investigate the Brg1-CK2 interaction
during the progression of mitosis, we used an in vitro model of cultured primary myoblasts
derived from mouse satellite cells. Images of mitotic cells from an asynchronous cell population
were collected, with staining by PHH3 to mark the different stages of mitosis. Co-localization

between Brg1 and CK2 was observed first at prometaphase and continued until late telophase

(Fig. 2).

Pharmacological inhibition of CK2 activity does not impair its interaction with Brg1

To facilitate biochemical studies of mitotic cells, we treated cycling primary myoblasts with
nocodazole, a commonly used inhibitor of microtubule polymerization that results in cell cycle
arrest at mitosis [69]. FACS analysis of control or treated cells demonstrates the enrichment in

the G2/M population that was obtained in the presence of nocodazole (Fig. 3A). Our previous
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study addressed the effects of the specific CK2 inhibitor, 4,5,6,7-tetrabromobenzotriazole (TBB)
[70], on the proliferation capabilities of primary myoblasts derived from satellite cells and on the
properties of Brg1 and mSWI/SNF complex in treated cells [17]. We again made use of TBB to
determine whether the CK2-Brg1 interaction required the enzymatic activity of CK2. Reciprocal
co-immunoprecipitations showed that in control and in nocodazole-synchronized mitotic
myoblasts, Brg1 and CK2 interacted as expected (Fig. 3B). The interaction was maintained
even when CK2 was inhibited by TBB (Fig. 3B), demonstrating that the enzymatic activity of

CK2 is not necessary for the formation of a stable complex containing Brg1 and CK2.

CK2 inhibition does not impair the interaction of Brg1 with additional subunits of the mSWI/SNF
complex.

We next asked whether the interaction of Brg1 with other mSWI/SNF subunits was dependent
on the enzymatic activity of CK2. Immunoprecipitation assays for Brg1 from control and
nocodazole-treated myoblasts showed a co-immunoprecipitation of Brg1 with Baf155, Baf60c,
Baf57 and Baf47 in the presence or absence of TBB (Fig. 3C). Baf60a, a homolog of BAf60c
that is poorly or not incorporated in mSWI/SNF complexes in skeletal muscle [71] was used as a
negative control (Fig. 3C). These data indicate that CK2 enzymatic activity is not required for
the association of the indicated subunits with Brg1. The data do not address whether the
different subfamilies of mSWI/SNF complexes contain all known components in the presence of
TBB, however, the data suggest that mSWI/SNF enzyme complexes are not prevented from

forming because of inhibition of CK2 enzymatic activity.

Brg1 is hyperphosphorylated by CK2 during mitosis
Though we have provided numerous lines of evidence for CK2-mediated phosphorylation of
Brg1 [17], there is an expectation that hyperphosphorylation of Brg1 might be visible in a

western blot. However, this has been complicated by the large size of the Brg1 protein, the large
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number of identified and potential phosphorylation sites on Brg1 and the diversity of kinases that
do or might be predicted to act on Brg1. Definitive evidence of hyperphosphorylation due to CK2
in conventional SDS-PAGE has been elusive. Therefore, we chose to use Phos-Tag™
supplemented SDS-PAGE. Phos-Tag™ forms alkoxide-bridged dinuclear metal complexes that
bind to phosphorylated proteins and enhance changes in the migration of phosphorylated
proteins [72-74]. Figure 4A shows a representative western blot of nocodazole-synchronized
cells, where Brg1 migrated more slowly than Brg1 from TBB treated and control cells. These
data suggest an enrichment of CK2-mediated phosphorylation of Brg1 during mitosis. In vitro
assays of Brg1 from nocodazole-treated cells showed that treatment with calf-intestinal alkaline
phosphatase (CIP) increased the mobility of Brg1 in a Phos-Tag™ gel (Fig. 4B; compare lanes
1 and 4). Addition of EDTA chelated metals required for CIP activity and prevented the increase
in gel mobility, as expected (Fig. 4B; lanes 1-4). Addition of purified CK2 restored the shift in
mobility of Brg1, but not in the presence of TBB (Fig. 4B; compare lanes 5 and 6). The
combination of approaches taken in Figs 4A and 4B demonstrate the dependence of the altered

electrophoretic mobility of Brg1 on the catalytic activity of the CK2 kinase.

We subsequently examined the mobility of the other subunits tested in Figure 3C on Phos-
Tag™ gels. Baf155, Baf60c, and Baf57, but not Baf47, show two or more bands that are
presumably due to differential phosphorylation (Fig. 4C). No easily discernable changes in gel
mobility were observed due to the presence of TBB. These data do not exclude the possibility
that CK2 phosphorylates any of these mSWI/SNF subunits, but the data do demonstrate that
large mobility shifts such as that shown by CK2-dependent phosphorylation of Brg1 do not

occur in these other subunits.

CK2 phosphorylation of Brg1 during mitosis is a conserved event in different mammalian

species and tissues
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To determine whether the CK2-dependent phosphorylation of Brg1 during mitosis is part of a
skeletal muscle-specific regulatory mechanism or is more widespread, we examined other cell
types arrested in mitosis. We tested Brg1 gel mobility in Phos-Tag™ gels using Madin Darby
Canine Kidney (MDCK) epithelial cells, murine 3T3-L1 pre-adipocytes, murine C2C12
myoblasts, HeLa human cervical cancer cells, and human mammary epithelial MCF10A cells.
Each of these are immortalized cell lines, in contrast to the primary cells tested in the
experiments presented in Figures 1-4. HelLa cells are a transformed cancer cell line.
Representative western blots from Phos-Tag™ gels shows that in each cell type, Brg1 from
cells grown in the presence of nocodazole migrated with reduced mobility in contrast to the
mobility observed in control cells (Fig. 5). B-actin levels were monitored as a control. These
results suggest that CK2-dependent phosphorylation of Brg1 is a conserved event during

mitosis of different cell types originating from different mammalian species.

CK2 enzymatic activity is required for proper sub-cellular partitioning of Brg1

Nuclear fractionation experiments showed that Brg1 and other mSWI/SNF proteins are
associated with both soluble chromatin and the nuclear matrix [75, 76], which is a non-
chromatin, fibrogranular ribonucleoprotein network within the nucleus [77]. The nuclear matrix
provides an anchoring structure to chromatin loops, among other functions [78-80]. We
previously demonstrated that Brg1 proteins containing phosphomimetic mutations at sites of
CK2 activity lost the ability to associate with both soluble chromatin and the nuclear matrix
whereas Brg1 containing alanine substitutions at sites of CK2 activity that prevented
phosphorylation associated only with the nuclear matrix [17]. We investigated the effects of CK2
inhibition on the localization of Brg1 in mitotic cells using a sequential extraction protocol that
generates a cytosolic fraction, a soluble chromatin fraction, and, after a high salt wash, the
nuclear matrix fraction [17, 75, 81]. A representative western blot of Brg1 from primary

myoblasts is shown in Fig. 6A. The hyperphosphorylated, or lower mobility, form of Brg1 from
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mitotic myoblasts was associated with the soluble chromatin fraction. In contrast, Brg1
associated with the nuclear matrix showed no alterations in gel mobility in all the conditions
tested (Fig. 6A). Representative control western blots showed the purity of the fractions (Fig.
6B). Tubulin B was found in the cytosolic fraction, lamin 31 localized to the nuclear matrix, and
RNA pol Il was located in the soluble chromatin. The data indicate that Brg1 phosphorylated by
CK2 in mitotic cells is associated exclusively with the soluble chromatin and is not associated

with the nuclear matrix.

11


https://doi.org/10.1101/781781
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/781781; this version posted October 2, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

DISCUSSION

Identification of CK2 as an M phase kinase for Brg1 conserved across mammalian species and
tissue types

Post-translational modification of proteins comprising the mSWI/SNF chromatin remodeling
enzymes is a mechanism to regulate function in addition to established mechanisms involving
expression level of subunits, mutation of subunits, and diversity in the composition of enzyme
complexes. We previously demonstrated that Brg1 is a substrate for CK2 that affects myoblast
proliferation [17]. In the current work, we noted that Brg1 and CK2 co-localized only in mitotic
cells in murine embryonic somites and in primary myoblasts derived from mouse satellite cells.
These findings provide insight into the role of CK2-mediated phosphorylation of Brg1 by
establishing that this post-translational modification occurs during a specific phase of the cell
cycle. We therefore altered our experimental approach by enriching for a mitotic population of
cells through addition of nocodazole, which inhibits microtubule polymerization and therefore
blocks the separation of mitotic chromosomes during mitosis. This approach, in combination
with the use of the Phos-Tag™ reagent [72-74], allowed us to reproducibly visualize an altered
(reduced) electrophoretic migration of Brg1 in mitotic cell extracts for the first time. The
dependence of this modification on CK2 was demonstrated by manipulation of CK2 activity in
cells and in vitro, providing visual evidence of CK2-mediated phosphorylation of Brg1 to
complement mutagenesis studies previously published [17]. Some of the other mSWI/SNF
subunits also were examined for CK2-dependent altered electrophoretic mobility. Although
multiple forms of several of those proteins were evident in the western blots, consistent with the
established observation that most, if not all, of the mSWI/SNF proteins are phosphoproteins
[82], there was no obvious effect of CK2 inhibition. This suggests that CK2 primarily targets

Brg1 but does not exclude the possibility that other mSWI/SNF proteins are also modified.
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Given that this work and our prior work examined the phosphorylation of Brg1 by CK2 in primary
murine myoblasts derived from satellite cells, which are adult stem cells that promote post-natal
skeletal muscle expansion and repair, it was important to ascertain whether this event was
restricted to post-natal skeletal muscle or not. The co-localization of CK2 with Brg1 in mitotic
mouse somites does not demonstrate CK2-mediated phosphorylation of Brg1 in embryonic
tissue, but it is suggestive of function during embryonic development. More conclusive data was
obtained by surveying a small assortment of cell lines for CK2-dependent phosphorylation of
Brg1. Canine and human, in addition to murine cells, showed evidence of CK2-dependent
phosphorylation of Brg1 in mitosis. The cell lines tested were derived from several different
tissue types, and one was derived from a human tumor. Thus, we observed phosphorylation of
Brg1 in mitotic primary, immortalized, and transformed cells from different tissue types. These

results suggest conservation of function.

The role of CK2 as a kinase for Brg1 during mitosis

The experiments presented here indicate that CK2 catalytic activity is not required for Brg1 and
CK2 to associate, based on reciprocal co-immunoprecipitation experiments, and is also not
required for Brg1 to associate with at least some of the other mSWI/SNF subunits in a complex.
Evidence to date indicates a functional role for CK2 in myoblast proliferation as well as in
differentiation (reviewed above), likely due to the large number of CK2 substrates. The link for
CK2-mediated phosphorylation of the Brg1 ATPase of mSWI/SNF chromatin remodeling
enzymes is to date limited to myoblast proliferation, but the exact nature of its function remains
unclear. Previously we depleted primary myoblasts of endogenous Brg1 by introduction of Cre
recombinase into primary myoblasts isolated from a Brg1 conditional mouse [83] and showed
that myoblast proliferation and survival was compromised [28]. We then engineered a system to
replace the endogenous Brg1 in such myoblasts with wild-type or mutant Brg1 to make

functional assessments of specific Brg1 amino acids [16, 17]. When we mutated predicted sites
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of CK2 activity on Brg1 by substituting glutamine, to introduce phosphomimetic amino acids,
myoblast proliferation and survival was compromised as in the case of Brg1 depletion or
introduction of catalytically inactive Brg1 [17]. Substitution with alanine, to introduce non-
phosphorylatable amino acids had no effect on rate of proliferation or survival, while inhibition of
CK2 activity with TBB actually increased myoblast proliferation rate, suggesting that
phosphorylation of Brg1 by CK2 negatively impacted proliferation and that a balance between
phosphorylation and dephosphorylation at sites of CK2 activity is required for normal cell

proliferation.

In the current work, we noted that CK2-mediated phosphorylation of Brg1 occurs in mitosis, and
that hyperphosphorylated Brg1 partitions with the soluble chromatin, not with the nuclear matrix.
Our prior study showed that inhibiting CK2-mediated phosphorylation did not impact the ability
of Brg1 to bind to and remodel chromatin at the Pax7 promoter in support of Pax7 gene
expression and that Brg1 was restricted to the nuclear matrix under these conditions [17]. The
results therefore suggest that CK2-medated phosphorylation of Brg1 is not required for
transcription-related functions, at least at the Pax7 locus. Instead, a Brg1 function related to the
role of soluble chromatin during mitosis seems more likely. Does regulated CK2-mediated
phosphorylation of Brg1 facilitate mitotic chromatin condensation? Or might the phosphorylation
state of Brg1 be related to its ability to contribute to higher-order genome organization in the
nucleus? Knockdown of Brg1 in proliferating MCF10A breast epithelial cells resulted in altered
nuclear shapes [84], altered telomere organization, and a weakening of topologically associating
domain (TAD) boundaries [85], implicating Brg1 as a necessary component for proper genome
organization and nuclear structure [86, 87]. Three-dimensional genome organization observed
in interphase cells is profoundly altered in mitosis [88] via mechanisms involving condensin-
mediated organization of chromatin loop arrays [89]. Perhaps CK2-mediated phosphorylation of

Brg1 contributes to or is a consequence of this process. Precise identification of the exact Brg1
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amino acids that are phosphorylated by CK2 would further our understanding and promote

additional experimentation to explore function.

CK2 and ERK maodifications of Brg1 during mitosis

Early work on the mSWI/SNF complex determined that most, if not all, of the subunit proteins
were phosphoproteins [82], that Brg1 was a mitotic phosphoprotein [90], and that hyper-
phosphorylation of Brg1 occurred during mitosis [67, 68]. The hyper-phosphorylation of Brg1
during mitosis was correlated with the dissociation of Brg1 from the condensing mitotic
chromosomes [67, 68]. De-phosphorylation of Brg1 was associated with the re-association of
BRG1 with chromatin as cells exited mitosis [67]. mSWI/SNF complex purified from mitotic cells
was inactive in in vitro chromatin remodeling assays, while mSWI/SNF complexes purified from
cells exiting mitosis were active [67]. The kinase responsible for this activity has been
investigated in vitro. Cdc2-cyclinB kinase did not phosphorylate Brg1 or other mSWI/SNF
subunits [90]. However, purified, active mSWI/SNF complex isolated from HelLa interphase cells
could be treated with ERK1, a member of the mitogen-activated kinase (MAPK) family, resulting
in Brg1 hyperphosphorylation and the inactivation of the chromatin remodeling activity of the
mSWI/SNF complex. The data suggest that a MAPK phosphorylates Brg1 as a switch to control
its chromatin remodeling activity and that the chromatin remodeling activity is inactivated as a

cause or consequence of Brg1 exclusion from the condensing mitotic chromosomes.

The intersection of these data with the data presented about CK2-mediated phosphorylation of
Brg1 is limited to two points. First is the observation that Brg1 was found associated with one or
more other mSWI/SNF enzyme subunits in mitosis [67, 68] (Fig. 3). Thus many of the
mSWI/SNF enzyme subunits remain in a complex during mitosis, apparently regardless of the
phosphorylation state of Brg1. Second, observations about Brg1 phosphorylation from each of

the studies directly indicate or at least suggest that they are conserved across different tissue
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types and, likely across species [67, 68] (Fig. 5). Though it is possible that either CK2 or MAPK
could be sufficient for Brg1 phosphorylation during mitosis, the predicted sites of MAPK and
CK2 phosphorylation activity are different, making it possible that different kinases act on Brg1
during mitosis. Whether kinases modifying Brg1 work in concert or independently and whether
each promotes the same or different functions remain unknown. Nevertheless, the data
collectively support the concept that Brg1 and mSWI/SNF enzyme function are dynamically

regulated by phosphorylation during mitosis.
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METHODS

Cell culture

Murine primary myoblasts derived from satellite cells- Mice were housed in the animal care
facility at the University of Massachusetts Medical School (Worcester, MA) in accordance with
the Institutional Animal Care and Use Committee guidelines. Mouse satellite cells were purified
from whole-leg muscle from 3- to 6-week-old male and female wild type C57BI/6 by differential
plating following Percoll sedimentation as previously described [91]. Isolated primary myoblasts
were plated at 4 x 10* cells/cm? in growth media (GM) containing a 1:1 mix of DMEM and F-12
media, 20% fetal bovine serum (FBS), 2% chick embryo extract, 25 ng/ml recombinant basic
fibroblastic growth factor (FGF, Millipore), and 100 U/mL of penicillin/streptomycin.

3T3-L1 murine pre-adipocytes- Cells were plated at 2 x 10* cells/cm? and maintained at <50%
confluency in DMEM with high glucose, supplemented with 10% FBS and 100 U/mL of
penicillin/streptomycin.

Human MCF10A breast epithelium cells- Cells were plated at 1 x 10° cells/cm? in a mixture of
DMEM/F12 (1:1, v:v) supplemented with 5% FBS, 100 U/mL penicillin/streptomycin, 0.5 pg/mL
hydrocortisone, 10 pg/mL insulin, and 20 ng/mL epidermal growth factor (EGF).

Murine C2C12 myoblast cells, Madin-Darby canine kidney (MDCK) cells, and human cervical
epithelial adenocarcinoma Hela cells- Cells were plated at 1 x 10° cells/cm? in DMEM
supplemented with 10% FBS and 100 U/mL of penicillin/streptomycin.

Where indicated, the cells were cultured in the presence or absence of nocodazole to induce
cell cycle arrest in mitosis. The nocodazole concentrations and incubation times were: 500 nM
for 16 h for primary myoblasts obtained from C57BI/6 mice and C2C12 cells [92], 300 nM for 16
h for 3T3-L1 preadipocytes [93], 250 nM for 24 h for MCF10A cells [94], 250 nM for 16 h for
Hela cells [95], and 100 nM for 11 h for MDCK cells [96]. CK2 was inhibited with 10 uM of TBB,
as described before [17]. Media was replaced every day.

Antibodies
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The primary antibodies used were: The rabbit anti-CKlla (2656), rabbit anti-Baf60c (62265), and
rabbit anti-phospho-histone H3 (Ser10; D2C8) conjugated to Alexa Fluor 647 were obtained
from Cell Signaling Technologies. The rabbit anti-Brg1 (G-7), rabbit anti-Baf155 antibody (H-76),
rabbit anti-lamin 1 (H-90), and rabbit anti-pol Il (N-20), were purchased from Santa Cruz
Biotechnology. The rabbit anti-PI3K p85 antibody, N-SH2 domain (ABS233) was obtained from
Millipore Corp. The rabbit anti-Ini1 (Baf47) antisera was previously described [29]. The rabbit
anti-SMARCE1 (Baf57, A13353), and rabbit anti-SMARC1 (Baf60a, A6310) were obtained from
Abclonal Technology. The secondary anti-mouse and anti-rabbit horseradish peroxidase-
conjugated antibodies and the Alexa Fluor 488- and 555-conjugated antibodies were from
Thermo Fisher Scientific.

Embryo collection and whole mount immunostaining

All animal experiments were conducted under the guidance of the institutional animal care and
use committee of the University of Massachusetts Medical School. CD-1 mice were obtained
from Charles River Laboratories (Strain code 022). All animals were maintained on a 12 h light
cycle. The middle of the light cycle of the day when a mating plug was observed was considered
embryonic day 0.5 (E0.5) of gestation.

Embryos were collected at E9.5 and were fixed with phosphate buffered 10% formalin overnight
at 4 °C. The next day, the embryos were washed three times with PBS for 10 min and
permeabilized with PBT buffer (0.5% Triton-X100 in PBS) for 10 min at room temperature.
Samples were incubated with blocking solution for 1 h (PBT, 5% horse serum) at room
temperature. The embryos were incubated with the primary antibodies against CK2 and Brg1
(1:100) in blocking solution overnight at 4 °C. The samples were then washed three times with
PBT solution for 10 min at room temperature, then incubated with species-specific fluorescent
secondary antibody (1:500) in PBT for 2 h at room temperature, and washed three times with
PBT solution for 10 min at room temperature. Samples were incubated with the anti-PHH3

antibody for 2 h at room temperature followed by a 30 min incubation with 4,6-diamidino-2-
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phenylindole (DAPI). Negative controls were prepared as described above, but no primary
antibodies were included. Embryos were washed three times with PBT at room temperature for
10 min and a final wash was performed with PBS for 10 min at room temperature. Embryos
were equilibrated with sequential 15 min incubations of PBS:glycerol solutions (1:1, 1:2) and
mounted in Vectashield containing DAPI (Vector Labs). Imaging was performed with a Leica
TCS SP5 Confocal Laser Scanning Microscope (Leica) using a 40X water immersion objective.
Primary myoblast immunofluorescence and confocal microscopy analyses

Proliferating myoblasts for immunofluorescence were grown on glass bottom Cellview
Advanced TC culture dishes (Grenier Bio One). Cells were cultured in the presence or absence
of 10 uM TBB. Cells were fixed in phosphate buffered 10% formalin, blocked in in PBT buffer
containing 5% horse serum, then incubated overnight at 4° C with the anti-CK2 and anti-Brg1
primary antibodies diluted 1:100 in blocking buffer. Cells were washed three times with PBT
buffer and sequentially incubated for 2 h with fluorescent labelled antibodies (1:500 dilution in
blocking buffer). After three additional washes with PBT buffer, the cells were incubated with the
anti-PHH3 antibody. Cells were counterstained with 4,6-diamidino-2-phenylindole (DAPI) and
imaged with a Leica TCS SP5 Confocal Laser Scanning Microscope (Leica) using a 40X water
immersion objective.

Cell cycle analyses by flow cytometry

Primary myoblasts were incubated with 500 nM nocodazole for 16 h. The cells then were
washed in PBS to remove all traces of serum. The cell concentration was adjusted to 2x10°
cells/100 pl in PBS, and 900 ul of 95% ethanol were added dropwise to the cells while vortexing
gently. Cells were stored at 4°C for 24 h. Then the cells were pelleted by centrifugation at 2000
x g, the ethanol was removed and samples were washed once with PBS, centrifuged again and

PBS was removed. The cells subsequently were incubated for 20 min in the dark at 37 °C in 1

ml of Propidium lodide (PI) staining solution containing 900 ul PBS, 2mM MgCl; , 50 ul
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propidium iodide stock solution (1 mg/m1) and 50 ul of RNase Stock Solution (1mg/ml).
Samples were analyzed by fluorescence activated cell sorting at the Flow Cytometry Core at the
University of Massachusetts Medical School.

Western blot analyses

Proliferating primary myoblasts were washed with ice cold PBS and solubilized with RIPA buffer
(10 mM PIPES, pH 7.4, 150 mM NaCl, 2 mM EDTA, 1% Triton X-100, 0.5% sodium
deoxycholate, and 10% glycerol) containing Complete Protease Inhibitor. Protein samples (20-
40 ug) were prepared for SDS-PAGE by boiling in Laemmli buffer. The resolved proteins were
electro-transferred to PVDF membranes (Millipore). The proteins of interest were detected with
specific polyclonal or monoclonal antibodies as indicated in the figures, followed by the species-
appropriate peroxidase-conjugated antibodies (Thermo Fischer Scientific) and
chemiluminescent detection (Tanon™ High-sig ECL Western Blotting Substrate, Abclonal). All
western blotting experiments were performed using samples from three independent
experiments. For the electrophoretic separation of phosphorylated proteins, samples were
loaded in 5% SDS-PAGE supplemented with Phos-tag™ Acrylamide (Wako, AAL-107) and 10
mM MgCls, as indicated by the manufacturer.

Immunoprecipitation

Cells were washed three times with ice-cold PBS and resuspended in lysis buffer (50 mM Tris-
HCI, pH 7.5, 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, and Complete
Protease Inhibitor). Cell extract (250 ug) was incubated in a rotating mixer for 2 h with the anti-
Brg1 or anti-CK2 primary antibodies at 4 °C, followed by an overnight incubation with Pure
Proteome Protein A/G mix magnetic beads (Millipore). Samples were washed as indicated by
the manufacturer, and immunoprecipitated proteins were eluted with freshly prepared IP buffer
(10% glycerol, 50 mM Tris-HCI, pH 6.8, and 1 M NaCl) by incubating for 1 h at room
temperature on a rotating mixer. Samples were analyzed by SDS-PAGE and western blot.

Brg1 dephosphorylation and phosphorylation assays
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Dephosphorylation assays were performed with Calf Intestinal Alkaline Phosphatase (CIP; New
England Biolabs). Briefly, 100 ug of total protein extract from proliferating myoblasts were
incubated with 1X CIP buffer in the presence or absence of 50 units of phosphatase for at 37°C
for 1 h; control experiments for CIP inhibition were performed simultaneously with 50 mM EDTA.
Then the phosphatase was heat-inactivated at 80 °C for 10 min, and samples were further
incubated with CK2 in the presence or absence of the specific inhibitor tetrabromobenzotriazole
(TBB, 10 uM) for 30 min at 30 °C. Reactions contained 50 units of CK2 (New England Biolabs)
supplemented with 1X CK2 Reaction Buffer (20 mM Tris-HCI, 50 mM KCI, 10 mM MgClz, pH
7.5) and with 200 uM ATP, as previously described [17]. Protein samples were separated 5%
SDS-PAGE supplemented with Phos-Tag acrylamide as described above.

Cell fractionation

Cell fractionation was performed according to the high-salt isolation protocol [17, 75, 81]. Briefly,
proliferating primary myoblasts were washed with ice-cold PBS and extracted in cytoskeleton
buffer (CSK: 10 mM PIPES, pH 6.8, 100 mM NaCl, 300 mM sucrose, 3 mM MgCl,, 1 mM EGTA,
1 mM DTT, 0.5% (v/v) Triton X-100 and Complete Protease Inhibitor). The insoluble cytoskeletal
fraction was isolated by centrifugation at 5,000 x g for 3 min. Chromatin was then solubilized by
DNase | digestion (1 unit, New England Biolabs) in CSK buffer with Complete Protease Inhibitor
for 15 min at 37 °C. The samples subsequently were incubated in 0.25 M (NH4)2.SO, for 5 min at
4 °C and centrifuged at 5,000 x g for 3 min. The pellet was washed with 2 M NaCl in CSK buffer
for 5 min at 4 °C and centrifuged. The nuclear matrix contained in this final pellet was solubilized
in 8 M urea buffer. Fractions were analyzed by SDS-PAGE and Western blotting; antibodies
against RNA Polymerase Il, B tubulin and lamin 31 were used as controls for purity of the

fractions.

21


https://doi.org/10.1101/781781
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/781781; this version posted October 2, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

CONFLICTS OF INTEREST

There are no conflicts to declare.

ACKNOWLEDGEMENTS

This work was supported by NIH grants GM56244 to ANl and HD083311 to JAR-P. TP-B was
partially supported by the Faculty Diversity Scholars Program award from the University of
Massachusetts Medical School. The authors thank Dr. Jeffrey Nickerson for discussion, Dr.
Hanna Witwicka for comments on the manuscript, and Dr. Carol Schrader for support with cell

cytometry analyses.

22


https://doi.org/10.1101/781781
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/781781; this version posted October 2, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

REFERENCES

1. Kwon H, Imbalzano AN, Khavari PA, Kingston RE, Green MR. Nucleosome disruption
and enhancement of activator binding by a human SW1/SNF complex. Nature.
1994;370(6489):477-81. Epub 1994/08/11. doi: 10.1038/370477a0. PubMed PMID: 8047169.
2. Wang W, Cote J, Xue Y, Zhou S, Khavari PA, Biggar SR, et al. Purification and
biochemical heterogeneity of the mammalian SWI-SNF complex. EMBO J. 1996;15(19):5370-
82. Epub 1996/10/01. PubMed PMID: 8895581; PubMed Central PMCID: PMC452280.

3. Imbalzano AN, Kwon H, Green MR, Kingston RE. Facilitated binding of TATA-binding
protein to nucleosomal DNA. Nature. 1994;370(6489):481-5. Epub 1994/08/11. doi:
10.1038/370481a0. PubMed PMID: 8047170.

4, Tyagi M, Imam N, Verma K, Patel AK. Chromatin remodelers: We are the drivers!!
Nucleus. 2016;7(4):388-404. doi: 10.1080/19491034.2016.1211217. PubMed PMID: 27429206;
PubMed Central PMCID: PMCPMC5039004.

5. Paul S, Bartholomew B. Regulation of ATP-dependent chromatin remodelers:
accelerators/brakes, anchors and sensors. Biochemical Society transactions. 2018;46(6):1423-
30. Epub 2018/11/24. doi: 10.1042/BST20180043. PubMed PMID: 30467122.

6. Rother MB, van Attikum H. DNA repair goes hip-hop: SMARCA and CHD chromatin
remodellers join the break dance. Philosophical transactions of the Royal Society of London
Series B, Biological sciences. 2017;372(1731). Epub 2017/08/30. doi: 10.1098/rstb.2016.0285.
PubMed PMID: 28847822; PubMed Central PMCID: PMC5577463.

7. Khavari PA, Peterson CL, Tamkun JW, Mendel DB, Crabtree GR. BRG1 contains a
conserved domain of the SWI2/SNF2 family necessary for normal mitotic growth and
transcription. Nature. 1993;366(6451):170-4. doi: 10.1038/366170a0. PubMed PMID: 8232556.
8. Muchardt C, Yaniv M. A human homologue of Saccharomyces cerevisiae SNF2/SWI2
and Drosophila brm genes potentiates transcriptional activation by the glucocorticoid receptor.
EMBO J. 1993;12(11):4279-90. PubMed PMID: 8223438; PubMed Central PMCID:
PMCPMC413724.

9. Chiba H, Muramatsu M, Nomoto A, Kato H. Two human homologues of Saccharomyces
cerevisiae SWI2/SNF2 and Drosophila brahma are transcriptional coactivators cooperating with
the estrogen receptor and the retinoic acid receptor. Nucleic acids research. 1994;22(10):1815-
20. Epub 1994/05/25. doi: 10.1093/nar/22.10.1815. PubMed PMID: 8208605; PubMed Central
PMCID: PMC308079.

10. Mashtalir N, D'Avino AR, Michel BC, Luo J, Pan J, Otto JE, et al. Modular Organization
and Assembly of SWI/SNF Family Chromatin Remodeling Complexes. Cell. 2018;175(5):1272-
88 e20. Epub 2018/10/23. doi: 10.1016/j.cell.2018.09.032. PubMed PMID: 30343899.

11. Gatchalian J, Malik S, Ho J, Lee DS, Kelso TWR, Shokhirev MN, et al. A non-canonical
BRD9-containing BAF chromatin remodeling complex regulates naive pluripotency in mouse
embryonic stem cells. Nat Commun. 2018;9(1):5139. Epub 2018/12/05. doi: 10.1038/s41467-
018-07528-9. PubMed PMID: 30510198; PubMed Central PMCID: PMC6277444.

12. Michel BC, D'Avino AR, Cassel SH, Mashtalir N, McKenzie ZM, McBride MJ, et al. A
non-canonical SWI/SNF complex is a synthetic lethal target in cancers driven by BAF complex
perturbation. Nature cell biology. 2018;20(12):1410-20. Epub 2018/11/07. doi: 10.1038/s41556-
018-0221-1. PubMed PMID: 30397315; PubMed Central PMCID: PMC6698386.

13. Alpsoy A, Dykhuizen EC. Glioma tumor suppressor candidate region gene 1 (GLTSCR1)
and its paralog GLTSCR1-like form SWI/SNF chromatin remodeling subcomplexes. J Biol
Chem. 2018;293(11):3892-903. Epub 2018/01/28. doi: 10.1074/jbc.RA117.001065. PubMed
PMID: 29374058; PubMed Central PMCID: PMC5858003.

14. Hargreaves DC, Crabtree GR. ATP-dependent chromatin remodeling: genetics,
genomics and mechanisms. Cell Res. 2011;21(3):396-420. doi: 10.1038/cr.2011.32. PubMed
PMID: 21358755; PubMed Central PMCID: PMCPMC3110148.

23


https://doi.org/10.1101/781781
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/781781; this version posted October 2, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

15. Wu JI. Diverse functions of ATP-dependent chromatin remodeling complexes in
development and cancer. Acta biochimica et biophysica Sinica. 2012;44(1):54-69. Epub
2011/12/24. doi: 10.1093/abbs/gmr099. PubMed PMID: 22194014.

16. Nasipak BT, Padilla-Benavides T, Green KM, Leszyk JD, Mao W, Konda S, et al.
Opposing calcium-dependent signalling pathways control skeletal muscle differentiation by
regulating a chromatin remodelling enzyme. Nat Commun. 2015;6:7441. doi:
10.1038/ncomms8441. PubMed PMID: 26081415; PubMed Central PMCID: PMCPMC4530624.
17. Padilla-Benavides T, Nasipak BT, Paskavitz AL, Haokip DT, Schnabl JM, Nickerson JA,
et al. Casein kinase 2-mediated phosphorylation of Brahma-related gene 1 controls myoblast
proliferation and contributes to SWI/SNF complex composition. J Biol Chem.
2017;292(45):18592-607. Epub 2017/09/25. doi: 10.1074/jbc.M117.799676. PubMed PMID:
28939766; PubMed Central PMCID: PMC5682968.

18. Simone C, Forcales SV, Hill DA, Imbalzano AN, Latella L, Puri PL. p38 pathway targets
SWI-SNF chromatin-remodeling complex to muscle-specific loci. Nat Genet. 2004;36(7):738-43.
doi: 10.1038/ng1378. PubMed PMID: 15208625.

19. Cui H, Schlesinger J, Schoenhals S, Tonjes M, Dunkel |, Meierhofer D, et al.
Phosphorylation of the chromatin remodeling factor DPF3a induces cardiac hypertrophy through
releasing HEY repressors from DNA. Nucleic acids research. 2016;44(6):2538-53. Epub
2015/11/20. doi: 10.1093/nar/gkv1244. PubMed PMID: 26582913; PubMed Central PMCID:
PMC4824069.

20. Bourachot B, Yaniv M, Muchardt C. Growth inhibition by the mammalian SWI-SNF
subunit Brm is regulated by acetylation. EMBO J. 2003;22(24):6505-15. Epub 2003/12/06. doi:
10.1093/emboj/cdg621. PubMed PMID: 14657023; PubMed Central PMCID: PMC291816.

21. Wang L, Zhao Z, Meyer MB, Saha S, Yu M, Guo A, et al. CARM1 methylates chromatin
remodeling factor BAF155 to enhance tumor progression and metastasis. Cancer cell.
2014;25(1):21-36. Epub 2014/01/18. doi: 10.1016/j.ccr.2013.12.007. PubMed PMID: 24434208;
PubMed Central PMCID: PMC4004525.

22. Witwicka H, Nogami J, Syed SA, Maehara K, Padilla-Benavides T, Ohkawa Y, et al.
Calcineurin Broadly Regulates the Initiation of Skeletal Muscle-Specific Gene Expression by
Binding Target Promoters and Facilitating the Interaction of the SWI/SNF Chromatin
Remodeling Enzyme. Mol Cell Biol. 2019;39(19). Epub 2019/07/17. doi: 10.1128/MCB.00063-
19. PubMed PMID: 31308130.

23. Wang Y, Wong RH, Tang T, Hudak CS, Yang D, Duncan RE, et al. Phosphorylation and
recruitment of BAF60c in chromatin remodeling for lipogenesis in response to insulin. Molecular
cell. 2013;49(2):283-97. Epub 2012/12/12. doi: 10.1016/j.molcel.2012.10.028. PubMed PMID:
23219531; PubMed Central PMCID: PMC3786575.

24. Kwon SJ, Park JH, Park EJ, Lee SA, Lee HS, Kang SW, et al. ATM-mediated
phosphorylation of the chromatin remodeling enzyme BRG1 modulates DNA double-strand
break repair. Oncogene. 2015;34(3):303-13. doi: 10.1038/onc.2013.556. PubMed PMID:
24413084.

25. Roesley SNA, La Marca JE, Deans AJ, McKenzie L, Suryadinata R, Burke P, et al.
Phosphorylation of Drosophila Brahma on CDK-phosphorylation sites is important for cell cycle
regulation and differentiation. Cell Cycle. 2018;17(13):1559-78. Epub 2018/07/03. doi:
10.1080/15384101.2018.1493414. PubMed PMID: 29963966; PubMed Central PMCID:
PMC6133315.

26. Forcales SV, Albini S, Giordani L, Malecova B, Cignolo L, Chernov A, et al. Signal-
dependent incorporation of MyoD-BAF60c into Brg1-based SWI/SNF chromatin-remodelling
complex. EMBO J. 2012;31(2):301-16. Epub 2011/11/10. doi: 10.1038/emboj.2011.391.
PubMed PMID: 22068056; PubMed Central PMCID: PMC3261556.

24


https://doi.org/10.1101/781781
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/781781; this version posted October 2, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

27. de la Serna IL, Carlson KA, Imbalzano AN. Mammalian SWI/SNF complexes promote
MyoD-mediated muscle differentiation. Nat Genet. 2001;27(2):187-90. Epub 2001/02/15. doi:
10.1038/84826. PubMed PMID: 11175787.

28. Padilla-Benavides T, Nasipak BT, Imbalzano AN. Brg1 Controls the Expression of Pax7
to Promote Viability and Proliferation of Mouse Primary Myoblasts. Journal of cellular
physiology. 2015;230(12):2990-7. Epub 2015/06/04. doi: 10.1002/jcp.25031. PubMed PMID:
26036967; PubMed Central PMCID: PMC4696503.

29. de la Serna IL, Ohkawa Y, Berkes CA, Bergstrom DA, Dacwag CS, Tapscott SJ, et al.
MyoD targets chromatin remodeling complexes to the myogenin locus prior to forming a stable
DNA-bound complex. Mol Cell Biol. 2005;25(10):3997-4009. Epub 2005/05/05. doi:
10.1128/MCB.25.10.3997-4009.2005. PubMed PMID: 15870273; PubMed Central PMCID:
PMC1087700.

30. Ohkawa Y, Marfella CG, Imbalzano AN. Skeletal muscle specification by myogenin and
Mef2D via the SWI/SNF ATPase Brg1. EMBO J. 2006;25(3):490-501. Epub 2006/01/21. doi:
10.1038/sj.emb0j.7600943. PubMed PMID: 16424906; PubMed Central PMCID: PMC1383528.
31. Ohkawa Y, Yoshimura S, Higashi C, Marfella CG, Dacwag CS, Tachibana T, et al.
Myogenin and the SWI/SNF ATPase Brg1 maintain myogenic gene expression at different
stages of skeletal myogenesis. J Biol Chem. 2007;282(9):6564-70. Epub 2006/12/30. doi:
10.1074/jbc.M608898200. PubMed PMID: 17194702.

32. Mallappa C, Nasipak BT, Etheridge L, Androphy EJ, Jones SN, Sagerstrom CG, et al.
Myogenic microRNA expression requires ATP-dependent chromatin remodeling enzyme
function. Mol Cell Biol. 2010;30(13):3176-86. Epub 2010/04/28. doi: 10.1128/MCB.00214-10.
PubMed PMID: 20421421; PubMed Central PMCID: PMC2897572.

33. Meggio F, Pinna LA. One-thousand-and-one substrates of protein kinase CK2? FASEB
J. 2003;17(3):349-68. Epub 2003/03/13. doi: 10.1096/fj.02-0473rev. PubMed PMID: 12631575.
34. Litchfield DW. Protein kinase CK2: structure, regulation and role in cellular decisions of
life and death. Biochem J. 2003;369(Pt 1):1-15. Epub 2002/10/25. doi: 10.1042/BJ20021469.
PubMed PMID: 12396231; PubMed Central PMCID: PMC1223072.

35. Nunez de Villavicencio-Diaz T, Rabalski AJ, Litchfield DW. Protein Kinase CK2: Intricate
Relationships within Regulatory Cellular Networks. Pharmaceuticals (Basel). 2017;10(1). Epub
2017/03/10. doi: 10.3390/ph10010027. PubMed PMID: 28273877; PubMed Central PMCID:
PMC5374431.

36. Seldin DC, Lou DY, Toselli P, Landesman-Bollag E, Dominguez |. Gene targeting of
CK2 catalytic subunits. Molecular and cellular biochemistry. 2008;316(1-2):141-7. Epub
2008/07/03. doi: 10.1007/s11010-008-9811-8. PubMed PMID: 18594950; PubMed Central
PMCID: PMC3696998.

37. Lou DY, Dominguez |, Toselli P, Landesman-Bollag E, O'Brien C, Seldin DC. The alpha
catalytic subunit of protein kinase CK2 is required for mouse embryonic development. Mol Cell
Biol. 2008;28(1):131-9. Epub 2007/10/24. doi: 10.1128/MCB.01119-07. PubMed PMID:
17954558; PubMed Central PMCID: PMC2223292.

38. Xu X, Toselli PA, Russell LD, Seldin DC. Globozoospermia in mice lacking the casein
kinase Il alpha' catalytic subunit. Nat Genet. 1999;23(1):118-21. Epub 1999/09/02. doi:
10.1038/12729. PubMed PMID: 10471512.

39. Buchou T, Vernet M, Blond O, Jensen HH, Pointu H, Olsen BB, et al. Disruption of the
regulatory beta subunit of protein kinase CK2 in mice leads to a cell-autonomous defect and
early embryonic lethality. Mol Cell Biol. 2003;23(3):908-15. Epub 2003/01/17. doi:
10.1128/mcb.23.3.908-915.2003. PubMed PMID: 12529396; PubMed Central PMCID:
PMC140710.

40. Pepperkok R, Lorenz P, Jakobi R, Ansorge W, Pyerin W. Cell growth stimulation by
EGF: inhibition through antisense-oligodeoxynucleotides demonstrates important role of casein

25


https://doi.org/10.1101/781781
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/781781; this version posted October 2, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

kinase Il. Exp Cell Res. 1991;197(2):245-53. Epub 1991/12/01. doi: 10.1016/0014-
4827(91)90429-x. PubMed PMID: 1959559.

41. Lorenz P, Pepperkok R, Ansorge W, Pyerin W. Cell biological studies with monoclonal
and polyclonal antibodies against human casein kinase Il subunit beta demonstrate participation
of the kinase in mitogenic signaling. J Biol Chem. 1993;268(4):2733-9. Epub 1993/02/05.
PubMed PMID: 8428947.

42. Pepperkok R, Lorenz P, Ansorge W, Pyerin W. Casein kinase Il is required for transition
of GO/G1, early G1, and G1/S phases of the cell cycle. J Biol Chem. 1994;269(9):6986-91. Epub
1994/03/04. PubMed PMID: 8120061.

43. Lorenz P, Pepperkok R, Pyerin W. Requirement of casein kinase 2 for entry into and
progression through early phases of the cell cycle. Cellular & molecular biology research.
1994;40(5-6):519-27. Epub 1994/01/01. PubMed PMID: 7735326.

44. Gotz C, Montenarh M. Protein kinase CK2 in development and differentiation.
Biomedical reports. 2017;6(2):127-33. Epub 2017/03/31. doi: 10.3892/br.2016.829. PubMed
PMID: 28357063; PubMed Central PMCID: PMC5351287.

45, Winter B, Kautzner |, Issinger OG, Arnold HH. Two putative protein kinase CK2
phosphorylation sites are important for Myf-5 activity. Biological chemistry. 1997;378(12):1445-
56. Epub 1998/02/14. PubMed PMID: 9461343.

46. Johnson SE, Wang X, Hardy S, Taparowsky EJ, Konieczny SF. Casein kinase Il
increases the transcriptional activities of MRF4 and MyoD independently of their direct
phosphorylation. Mol Cell Biol. 1996;16(4):1604-13. Epub 1996/04/01. doi:
10.1128/mcb.16.4.1604. PubMed PMID: 8657135; PubMed Central PMCID: PMC231146.

47. Dietz KN, Miller PJ, Hollenbach AD. Phosphorylation of serine 205 by the protein kinase
CK2 persists on Pax3-FOXO1, but not Pax3, throughout early myogenic differentiation.
Biochemistry. 2009;48(49):11786-95. Epub 2009/11/13. doi: 10.1021/bi9012947. PubMed
PMID: 19904978; PubMed Central PMCID: PMC2790557.

48. Dietz KN, Miller PJ, lyengar AS, Loupe JM, Hollenbach AD. Identification of serines 201
and 209 as sites of Pax3 phosphorylation and the altered phosphorylation status of Pax3-
FOXO1 during early myogenic differentiation. The international journal of biochemistry & cell
biology. 2011;43(6):936-45. Epub 2011/03/29. doi: 10.1016/j.biocel.2011.03.010. PubMed
PMID: 21440083; PubMed Central PMCID: PMC3095663.

49. lyengar AS, Loupe JM, Miller PJ, Hollenbach AD. Identification of CK2 as the kinase that
phosphorylates Pax3 at Ser209 in early myogenic differentiation. Biochemical and biophysical
research communications. 2012;428(1):24-30. Epub 2012/10/13. doi:
10.1016/j.bbrc.2012.09.141. PubMed PMID: 23058914; PubMed Central PMCID: PMC3500634.
50. Dick SA, Chang NC, Dumont NA, Bell RA, Putinski C, Kawabe Y, et al. Caspase 3
cleavage of Pax7 inhibits self-renewal of satellite cells. Proc Natl Acad Sci U S A.
2015;112(38):E5246-52. Epub 2015/09/16. doi: 10.1073/pnas.1512869112. PubMed PMID:
26372956; PubMed Central PMCID: PMC4586827.

51. Gonzalez N, Moresco JJ, Cabezas F, de la Vega E, Bustos F, Yates JR, 3rd, et al. Ck2-
Dependent Phosphorylation Is Required to Maintain Pax7 Protein Levels in Proliferating Muscle
Progenitors. PLoS One. 2016;11(5):e0154919. Epub 2016/05/06. doi:
10.1371/journal.pone.0154919. PubMed PMID: 27144531; PubMed Central PMCID:
PMC4856311.

52. Miller PJ, Dietz KN, Hollenbach AD. Identification of serine 205 as a site of
phosphorylation on Pax3 in proliferating but not differentiating primary myoblasts. Protein
science : a publication of the Protein Society. 2008;17(11):1979-86. Epub 2008/08/19. doi:
10.1110/ps.035956.108. PubMed PMID: 18708529; PubMed Central PMCID: PMC2578802.
53. Seale P, Sabourin LA, Girgis-Gabardo A, Mansouri A, Gruss P, Rudnicki MA. Pax7 is
required for the specification of myogenic satellite cells. Cell. 2000;102(6):777-86. Epub
2000/10/13. doi: 10.1016/s0092-8674(00)00066-0. PubMed PMID: 11030621.

26


https://doi.org/10.1101/781781
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/781781; this version posted October 2, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

54, Oustanina S, Hause G, Braun T. Pax7 directs postnatal renewal and propagation of
myogenic satellite cells but not their specification. EMBO J. 2004;23(16):3430-9. Epub
2004/07/30. doi: 10.1038/sj.emb0j.7600346. PubMed PMID: 15282552; PubMed Central
PMCID: PMC514519.

55. Buckingham M, Bajard L, Daubas P, Esner M, Lagha M, Relaix F, et al. Myogenic
progenitor cells in the mouse embryo are marked by the expression of Pax3/7 genes that
regulate their survival and myogenic potential. Anatomy and embryology. 2006;211 Suppl 1:51-
6. Epub 2006/10/14. doi: 10.1007/s00429-006-0122-0. PubMed PMID: 17039375.

56. Zammit PS, Relaix F, Nagata Y, Ruiz AP, Collins CA, Partridge TA, et al. Pax7 and
myogenic progression in skeletal muscle satellite cells. Journal of cell science. 2006;119(Pt
9):1824-32. Epub 2006/04/13. doi: 10.1242/jcs.02908. PubMed PMID: 16608873.

57. Relaix F, Montarras D, Zaffran S, Gayraud-Morel B, Rocancourt D, Tajbakhsh S, et al.
Pax3 and Pax7 have distinct and overlapping functions in adult muscle progenitor cells. J Cell
Biol. 2006;172(1):91-102. Epub 2005/12/29. doi: 10.1083/jcb.200508044. PubMed PMID:
16380438; PubMed Central PMCID: PMC2063537.

58. Cornelison DD, Wold BJ. Single-cell analysis of regulatory gene expression in quiescent
and activated mouse skeletal muscle satellite cells. Developmental biology. 1997;191(2):270-
83. Epub 1997/12/17. doi: 10.1006/dbio.1997.8721. PubMed PMID: 9398440.

59. Shi X, Seldin DC, Garry DJ. Foxk1 recruits the Sds3 complex and represses gene
expression in myogenic progenitors. Biochem J. 2012;446(3):349-57. Epub 2012/06/22. doi:
10.1042/BJ20120563. PubMed PMID: 22716292; PubMed Central PMCID: PMC4494662.

60. Cheusova T, Khan MA, Schubert SW, Gavin AC, Buchou T, Jacob G, et al. Casein
kinase 2-dependent serine phosphorylation of MuSK regulates acetylcholine receptor
aggregation at the neuromuscular junction. Genes Dev. 2006;20(13):1800-16. Epub
2006/07/05. doi: 10.1101/gad.375206. PubMed PMID: 16818610; PubMed Central PMCID:
PMC1522076.

61. Salizzato V, Zanin S, Borgo C, Lidron E, Salvi M, Rizzuto R, et al. Protein kinase CK2
subunits exert specific and coordinated functions in skeletal muscle differentiation and fusogenic
activity. FASEB J. 2019:fj201801833RR. Epub 2019/07/04. doi: 10.1096/f].201801833RR.
PubMed PMID: 31268746.

62. Motohashi N, Asakura A. Muscle satellite cell heterogeneity and self-renewal. Front Cell
Dev Biol. 2014;2:1. Epub 2014/11/05. doi: 10.3389/fcell.2014.00001. PubMed PMID: 25364710;
PubMed Central PMCID: PMC4206996.

63. Montarras D, L'Honore A, Buckingham M. Lying low but ready for action: the quiescent
muscle satellite cell. FEBS J. 2013;280(17):4036-50. Epub 2013/06/06. doi:
10.1111/febs.12372. PubMed PMID: 23735050.

64. Brack AS, Rando TA. Tissue-specific stem cells: lessons from the skeletal muscle
satellite cell. Cell stem cell. 2012;10(5):504-14. Epub 2012/05/09. doi:
10.1016/j.stem.2012.04.001. PubMed PMID: 22560074; PubMed Central PMCID:
PMC3348769.

65. Chang NC, Rudnicki MA. Satellite cells: the architects of skeletal muscle. Current topics
in developmental biology. 2014;107:161-81. Epub 2014/01/21. doi: 10.1016/B978-0-12-416022-
4.00006-8. PubMed PMID: 24439806.

66. Kuang S, Charge SB, Seale P, Huh M, Rudnicki MA. Distinct roles for Pax7 and Pax3 in
adult regenerative myogenesis. J Cell Biol. 2006;172(1):103-13. Epub 2006/01/05. doi:
10.1083/jcb.200508001. PubMed PMID: 16391000; PubMed Central PMCID: PMC2063538.
67. Sif S, Stukenberg PT, Kirschner MW, Kingston RE. Mitotic inactivation of a human
SWI/SNF chromatin remodeling complex. Genes Dev. 1998;12(18):2842-51. PubMed PMID:
9744861; PubMed Central PMCID: PMCPMC317164.

68. Muchardt C, Reyes JC, Bourachot B, Leguoy E, Yaniv M. The hbrm and BRG-1
proteins, components of the human SNF/SWI complex, are phosphorylated and excluded from

27


https://doi.org/10.1101/781781
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/781781; this version posted October 2, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

the condensed chromosomes during mitosis. EMBO J. 1996;15(13):3394-402. PubMed PMID:
8670841; PubMed Central PMCID: PMCPMC451903.

69. Jordan MA, Thrower D, Wilson L. Effects of vinblastine, podophyllotoxin and nocodazole
on mitotic spindles. Implications for the role of microtubule dynamics in mitosis. Journal of cell
science. 1992;102 ( Pt 3):401-16. Epub 1992/07/01. PubMed PMID: 1506423.

70. Sarno S, Reddy H, Meggio F, Ruzzene M, Davies SP, Donella-Deana A, et al.
Selectivity of 4,5,6,7-tetrabromobenzotriazole, an ATP site-directed inhibitor of protein kinase
CK2 (‘casein kinase-2'). FEBS letters. 2001;496(1):44-8. Epub 2001/05/10. doi: 10.1016/s0014-
5793(01)02404-8. PubMed PMID: 11343704.

71. Puri PL, Mercola M. BAF60 A, B, and Cs of muscle determination and renewal. Genes
Dev. 2012;26(24):2673-83. Epub 2012/12/12. doi: 10.1101/gad.207415.112. PubMed PMID:
23222103; PubMed Central PMCID: PMC3533072.

72. Kinoshita E, Kinoshita-Kikuta E, Koike T. Phosphate-Affinity Gel Electrophoresis Using a
Phos-Tag Molecule for Phosphoproteome Study. Current Proteomics. 2009;9(2). doi:
10.2174/157016409788680965.

73. Horinouchi T, Terada K, Higashi T, Miwa S. Using Phos-Tag in Western Blotting
Analysis to Evaluate Protein Phosphorylation. Methods Mol Biol. 2016;1397:267-77. Epub
2015/12/18. doi: 10.1007/978-1-4939-3353-2_18. PubMed PMID: 26676139.

74. Kinoshita E, Kinoshita-Kikuta E, Takiyama K, Koike T. Phosphate-binding tag, a new tool
to visualize phosphorylated proteins. Molecular & cellular proteomics : MCP. 2006;5(4):749-57.
Epub 2005/12/13. doi: 10.1074/mcp.T500024-MCP200. PubMed PMID: 16340016.

75. Reyes JC, Muchardt C, Yaniv M. Components of the human SWI/SNF complex are
enriched in active chromatin and are associated with the nuclear matrix. J Cell Biol.
1997;137(2):263-74. Epub 1997/04/21. doi: 10.1083/jcb.137.2.263. PubMed PMID: 9128241,
PubMed Central PMCID: PMC2139781.

76. Zhao K, Wang W, Rando OJ, Xue Y, Swiderek K, Kuo A, et al. Rapid and
phosphoinositol-dependent binding of the SWI/SNF-like BAF complex to chromatin after T
lymphocyte receptor signaling. Cell. 1998;95(5):625-36. Epub 1998/12/09. doi: 10.1016/s0092-
8674(00)81633-5. PubMed PMID: 9845365.

77. Fawcett DW. An Atlas of Fine Structure: The Cell, Its Organelles and Inclusions. .
Philadelphia: W. B. Saunders Co; 1966.

78. Vogelstein B, Pardoll DM, Coffey DS. Supercoiled loops and eucaryotic DNA replicaton.
Cell. 1980;22(1 Pt 1):79-85. Epub 1980/11/01. doi: 10.1016/0092-8674(80)90156-7. PubMed
PMID: 7428042.

79. Nickerson JA, Blencowe BJ, Penman S. The architectural organization of nuclear
metabolism. International review of cytology. 1995;162A:67-123. Epub 1995/01/01. PubMed
PMID: 8575888.

80. Razin SV, larovaia OV, Vassetzky YS. A requiem to the nuclear matrix: from a
controversial concept to 3D organization of the nucleus. Chromosoma. 2014;123(3):217-24.
Epub 2014/03/26. doi: 10.1007/s00412-014-0459-8. PubMed PMID: 24664318.

81. He DC, Nickerson JA, Penman S. Core filaments of the nuclear matrix. J Cell Biol.
1990;110(3):569-80. Epub 1990/03/01. doi: 10.1083/jcb.110.3.569. PubMed PMID: 2307700;
PubMed Central PMCID: PMC2116036.

82. Dallas PB, Yaciuk P, Moran E. Characterization of monoclonal antibodies raised against
p300: both p300 and CBP are present in intracellular TBP complexes. Journal of virology.
1997;71(2):1726-31. Epub 1997/02/01. PubMed PMID: 8995708; PubMed Central PMCID:
PMC191239.

83. Bultman S, Gebuhr T, Yee D, La Mantia C, Nicholson J, Gilliam A, et al. A Brg1 null
mutation in the mouse reveals functional differences among mammalian SWI/SNF complexes.
Molecular cell. 2000;6(6):1287-95. Epub 2001/02/13. PubMed PMID: 11163203.

28


https://doi.org/10.1101/781781
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/781781; this version posted October 2, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

84. Imbalzano KM, Cohet N, Wu Q, Underwood JM, Imbalzano AN, Nickerson JA. Nuclear
shape changes are induced by knockdown of the SWI/SNF ATPase BRG1 and are independent
of cytoskeletal connections. PLoS One. 2013;8(2):e55628. Epub 2013/02/14. doi:
10.1371/journal.pone.0055628. PubMed PMID: 23405182; PubMed Central PMCID:
PMC3566038.

85. Barutcu AR, Lajoie BR, Fritz AJ, McCord RP, Nickerson JA, van Wijnen AJ, et al.
SMARCAM4 regulates gene expression and higher-order chromatin structure in proliferating
mammary epithelial cells. Genome research. 2016;26(9):1188-201. Epub 2016/07/21. doi:
10.1101/gr.201624.115. PubMed PMID: 27435934; PubMed Central PMCID: PMC5052043.
86. Barutcu AR, Lian JB, Stein JL, Stein GS, Imbalzano AN. The connection between
BRG1, CTCF and topoisomerases at TAD boundaries. Nucleus. 2017;8(2):150-5. Epub
2017/01/07. doi: 10.1080/19491034.2016.1276145. PubMed PMID: 28060558; PubMed Central
PMCID: PMC5403164.

87. Imbalzano AN, Imbalzano KM, Nickerson JA. BRG1, a SWI/SNF chromatin remodeling
enzyme ATPase, is required for maintenance of nuclear shape and integrity. Communicative &
integrative biology. 2013;6(5):e25153. Epub 2013/11/15. doi: 10.4161/cib.25153. PubMed
PMID: 24228137; PubMed Central PMCID: PMC3821668.

88. Naumova N, Imakaev M, Fudenberg G, Zhan Y, Lajoie BR, Mirny LA, et al. Organization
of the mitotic chromosome. Science. 2013;342(6161):948-53. Epub 2013/11/10. doi:
10.1126/science.1236083. PubMed PMID: 24200812; PubMed Central PMCID: PMC4040465.
89. Gibcus JH, Samejima K, Goloborodko A, Samejima |, Naumova N, Nuebler J, et al. A
pathway for mitotic chromosome formation. Science. 2018;359(6376). Epub 2018/01/20. doi:
10.1126/science.aao06135. PubMed PMID: 29348367; PubMed Central PMCID: PMC5924687 .
90. Stukenberg PT, Lustig KD, McGarry TJ, King RW, Kuang J, Kirschner MW. Systematic
identification of mitotic phosphoproteins. Curr Biol. 1997;7(5):338-48. Epub 1997/05/01. doi:
10.1016/s0960-9822(06)00157-6. PubMed PMID: 9115395.

91. Bischoff R, Heintz C. Enhancement of skeletal muscle regeneration. Developmental
dynamics : an official publication of the American Association of Anatomists. 1994;201(1):41-54.
Epub 1994/09/01. doi: 10.1002/aja.1002010105. PubMed PMID: 7803846.

92. Tintignac LA, Sirri V, Leibovitch MP, Lecluse Y, Castedo M, Metivier D, et al. Mutant
MyoD lacking Cdc2 phosphorylation sites delays M-phase entry. Mol Cell Biol. 2004;24(4):1809-
21. Epub 2004/01/30. doi: 10.1128/mcb.24.4.1809-1821.2004. PubMed PMID: 14749395;
PubMed Central PMCID: PMC344165.

93. Magdalena J, Millard TH, Machesky LM. Microtubule involvement in NIH 3T3 Golgi and
MTOC polarity establishment. Journal of cell science. 2003;116(Pt 4):743-56. Epub 2003/01/23.
doi: 10.1242/jcs.00288. PubMed PMID: 12538774.

94, Choi HJ, Fukui M, Zhu BT. Role of cyclin B1/Cdc2 up-regulation in the development of
mitotic prometaphase arrest in human breast cancer cells treated with nocodazole. PLoS One.
2011;6(8):e24312. Epub 2011/09/16. doi: 10.1371/journal.pone.0024312. PubMed PMID:
21918689; PubMed Central PMCID: PMC3168870.

95. Wee P, Wang Z. Cell Cycle Synchronization of HeLa Cells to Assay EGFR Pathway
Activation. Methods Mol Biol. 2017;1652:167-81. Epub 2017/08/10. doi: 10.1007/978-1-4939-
7219-7_13. PubMed PMID: 28791643.

96. Runkle EA, Sundstrom JM, Runkle KB, Liu X, Antonetti DA. Occludin localizes to
centrosomes and modifies mitotic entry. J Biol Chem. 2011;286(35):30847-58. Epub
2011/07/16. doi: 10.1074/jbc.M111.262857. PubMed PMID: 21757728; PubMed Central
PMCID: PMC3162445.

29


https://doi.org/10.1101/781781
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/781781; this version posted October 2, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

Figure 1

E9.5 Bright field

Fig. 1. CK2 and Brg1 co-localize in mitotic cells of developing somites in mouse embryos.
Representative confocal microscopy images from three different mice show the expression of Brg1
(green), CK2 (red), and phosphorylated histone H3 (PHH3, yellow) in somites of E9.5 mouse
embryos. The nuclei were stained with DAPI (blue). The white arrow in the upper panel points to the
area of enlargement in the lower panels. The white arrows in the lower panel point to mitotic cells.
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Figure 2
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Fig. 2. CK2 and Brg1 co-localize in mitotic primary myoblasts derived from mouse satellite
cells. Representative confocal microscopy images from three independent biological replicates show
the expression of Brg1 (green), CK2 (red), and phosphorylated histone H3 (PHHS3, yellow) on
proliferating primary myoblasts. The nuclei were stained with DAPI (blue).
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Fig. 3. Inhibition of CK2 enzymatic activity does not impair its interaction with Brg1 or affect
the interaction of Brg1 with numerous mSWI/SNF complex proteins. Primary myoblasts were
treated or not with 500 nM nocodazole and 10 uM TBB. (A) Representative FACS analyses of
primary myoblasts treated or not with nocodazole. (B) Representative western blots from a reciprocal
immunoprecipitations of Brg1 (left panel) or CK2 (middle panel). IgG IPs and input (1%) for both
proteins are shown as controls. (C) Representative western blots of Brg1 immunoprecipitation and
western blots for the mSWI/SNF subunits Baf155, Baf60c, Baf57, Baf47, and Baf60a. IgG and inputs

(2%) for all samples were included as controls. Three independent biological replicates were
performed.
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Fig. 4. Brg1 is phosphorylated by CK2 during mitosis. Primary myoblasts were treated or not with
500 nM nocodazole and 10 uM TBB as indicated. Samples were separated in a 5% SDS-PAGE
supplemented with Phos-Tag™. (A) Representative western blot of the CK2-mediated shift in Brg1
mobility in myoblast cultures enriched for mitotic cells. PI3K was used as loading control. (B)
Representative western blots following an in vitro dephosphorylation/phosphorylation assay on Brg1
in primary myoblast extracts from cells treated as indicated. (C) Representative western blots
showing no easily discernible changes in mobility for Baf155, Baf60c, Baf57 or Baf47 in primary
myoblast extracts from cells treated as indicated. PI3K was used as a loading control. Three
independent biological replicates were performed for each experiment.
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Fig. 5. CK2-dependent phosphorylation of Brg1 in mitosis is a conserved event in different cell
types and species. MDCK, 3T3-L1, C2C12, HelLa, and MCF10A cells were treated or not with cell
type-specific concentrations of nocodazole as indicated in Methods and 10 yM TBB where indicated.
Samples were separated in a 5% SDS-PAGE gel supplemented with Phos-Tag™ for Brg1 blots or by
conventional SDS-PAGE for B-actin. Representative western blots of the mobility shift of Brg1 in
extracts from cell cultures treated as indicated are shown, with B-actin expression from the same
samples shown as a loading control. Three independent biological replicates were performed for each
experiment.
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Fig. 6. CK2-mediated phosphorylation of Brg1 is associated with soluble chromatin. Primary
myoblasts were treated or not with 500 nM nocodazole and 10 uM TBB. (A) Representative western
blots showing the sub-nuclear localization of Brg1. Samples were separated in a 5% SDS-PAGE gel
supplemented with Phos-Tag™. (B) Representative western blots demonstrating the purity of the
fractions presented in (A). Tubulin is a marker for the cytosolic fraction, RNA Polymerase (Pol) Il, the
soluble chromatin fraction, and Lamin 31, the nuclear matrix fraction. Three independent biological
replicates were performed for each experiment.
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