>
o
o
-l
o
o
-l
-l
L
o
LL
@)
-l
<
2
o
>
o
-
Ll
I
[

Article
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oltage-gated calcium channel (Ca,) B subunits are

auxiliary subunits to Ca,s. Recent reports show Ca,8

subunits may enter the nucleus and suggest a role
in transcriptional regulation, but the physiological rele-
vance of this localization remains unclear. We sought to
define the nuclear function of Ca,B in muscle progenitor
cells (MPCs). We found that Ca,B1, is expressed in prolif-
erating MPCs, before expression of the calcium conduct-
ing subunit Ca,1.1, and enters the nucleus. Loss of Ca,B1,
expression impaired MPC expansion in vitro and in vivo

Introduction

The voltage-gated calcium channel (Ca,) 3 subunit (Ca,3) was
initially purified from rabbit skeletal muscle as part of the dihy-
dropyridine receptor (now termed Ca,1.1) complex (Curtis and
Catterall, 1984). A total of four Ca,3 genes have been cloned
(Cacnb1-4), each with multiple splice variants (Buraei and Yang,
2010). Ca,s contain an ER retention signal that is masked by
Ca,3 binding, allowing both proteins to traffic to the plasma mem-
brane (Bichet et al., 2000). Ca,f interaction with Ca,s also serves
to modulate gating properties of the channel (Lacerda et al.,
1991; Varadi et al., 1991). Ca,[3 subunits contain two protein
interaction domains: Src homology 3 (SH3) and guanylate
kinase (GK), which act both together and individually to regu-
late channel function (Takahashi et al., 2004, 2005; Miranda-
Laferte et al., 2011).

Ca,[31, is the dominant (3 subunit isoform/splice variant in
skeletal muscle, where it associates with Ca,1.1 in transverse
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and caused widespread changes in global gene expres-
sion, including up-regulation of myogenin. Additionally, we
found that Ca,B1, localizes to the promoter region of a
number of genes, preferentially at noncanonical (NC) E-box
sites. Ca,B1, binds to a region of the Myog promoter con-
taining an NC E-box, suggesting a mechanism for inhibi-
tion of myogenin gene expression. This work indicates that
Ca,Bi. acts as a Ca,-independent regulator of gene ex-
pression in MPCs, and is required for their normal expan-
sion during myogenic development.

tubules and plays a critical role in excitation—contraction (EC)
coupling, the process of converting an electrical stimulus to
mechanical response. Ca,[3;, is necessary for proper calcium
channel expression in the transverse tubules (Gregg et al., 1996),
and also functions to organize Ca,1.1 into defined groups of
four (tetrads), which pair to a single ryanodine receptor (RyR;
Schredelseker et al., 2005, 2009). This strict geometrical orga-
nization and 4:1 stoichiometry is necessary for proper EC cou-
pling. The B1-null mouse (Gregg et al., 1996) and the relaxed
(redts25) zebrafish (Zhou et al., 2006) both show paralysis
due to total lack of EC coupling, underscoring the importance
of Ca,p, in EC coupling. The $1-null mouse (hereafter called
Cacnbl~'"") also shows severely reduced skeletal muscle mass
at birth, attributed to a lack of activity during development.

In the last decade, over a dozen additional, noncalcium chan-
nel binding partners have been described in the literature for mul-
tiple Ca,[3 subunit isoforms (Béguin et al., 2001; Hohaus et al.,
2002; Hibino et al., 2003; Grueter et al., 2006; Gonzalez-Gutierrez
et al., 2007; Hidalgo and Neely, 2007; Kiyonaka et al., 2007;
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Yu et al., 2008; Catalucci et al., 2009; Buraei and Yang, 2010;
Zhang et al., 2010; Tadmouri et al., 2012). Several additional re-
ports show the nuclear localization of all four Ca,3 subunits,
either alone (Colecraft et al., 2002; Subramanyam et al., 2009)
or when cotransfected with members of the RGK family of pro-
teins (Béguin et al., 2006; Leyris et al., 2009). Two studies have
demonstrated transcriptional regulation in vitro by the neuronal
Ca,33 (Zhang et al., 2010) and Ca,B4c subunits (Hibino et al.,
2003), and a recent comprehensive work showed that Ca,[34 in-
hibits tyrosine hydroxylase expression in brain tissue (Tadmouri
etal., 2012).

Although the role of Ca,f3;, in mature skeletal muscle is
well understood, its role in muscle progenitor cells (MPCs), if
any, is not known. MPCs are capable of rapid proliferation dur-
ing development, or after activation in response to muscle dam-
age in adults, after which they can differentiate and fuse together
into mature myofibers. Unlike mature myofibers, MPCs are
capable of DNA replication and cell division while maintaining
a commitment to the skeletal muscle lineage. Regulation of cell
fate by myogenic transcription factors such as Pax7, MyoD, and
myogenin is well understood; however, questions still remain
about how these factors themselves are regulated.

We sought to define the physiological role for Ca,3
subunits in the nucleus, specifically in MPCs. Here we report a
pathway by which Ca,f3,, regulates skeletal muscle mass during
embryonic development by suppression of the Myog promoter.

Results

Ca,pB1a expression in muscle progenitor cells
Although Cay[3 subunits have been studied in myotubes, specif-
ically the muscle-specific splice variant Cay[3;, (coded by the
Cacnbl gene), little is known about their expression in MPCs
(myoblasts). A microarray study suggested that while Cacnbl
mRNA expression increases during differentiation, it still ex-
presses in significant quantities in subconfluent, proliferating
C2C12 myoblasts (Tomczak et al., 2004). Therefore, we sought
to characterize Cacnbl expression at the mRNA and protein
level in C2C12 and primary mouse myoblasts. RT-PCR with
primers to the muscle-specific Cacnbl splice variant A (3,,),
which codes for the Cayf3,, protein, detected Cay[3;, mRNA in
subconfluent myoblasts, which increased during myogenic dif-
ferentiation (Fig. 1 A). We next characterized Cay[3;, subunit
protein expression in C2C12 and primary myoblasts, using two
different Cayf3;, antibodies. A protein band close to the expected
molecular weight of Cayf3y, (55 kD) appeared specifically in both
C2C12 and primary myoblasts, using both antibodies, compared
with isotype 1gG controls (Fig. 1 B, Cay3,, antibody clone H-50
was used for the remainder of experiments). Cay[3;,-specific
shRNA-mediated knockdown of this protein band further con-
firmed its identity as Cayf, (Fig. 1 C). Additionally, although
the antibody we used did label brain and cardiac protein bands
(presumably other Cay[3 isoforms), these had different molecu-
lar weights (Fig. 1 C). To examine Cayf3,, expression and local-
ization during myogenesis, we analyzed cytosolic and membrane
lysates collected from proliferating (subconfluent in growth
medium [GM]) and differentiating C2C12 cells (24-96 h in
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differentiation medium [DM]) by Western blot (Fig. 1 D). In
proliferating myoblasts, Cay[3;, appeared in the cytosolic but
not plasma membrane fractions, whereas the Cay1.1 protein was
absent, as expected (Bidaud et al., 2006). The absence of Cayf3;,
in the membrane fraction of myoblasts suggests it does not in-
teract with any channels, Cay1.1 or otherwise, indicating a non-
channel function. Cytosolic Cayf3;, protein expression increased
mildly during differentiation, but showed a large increase in the
membrane fraction after 48 h in DM, concomitantly with the
appearance of Cayl.1, reaffirming the classical role of Cayf3;,
as a Cay1.1 binding partner in mature skeletal muscle. Immuno-
staining of Cay[3,, showed a very faint nuclear and perinuclear sig-
nal in proliferating and early-fusing myoblasts. However, in
fully differentiated myotubes a strong punctate signal was ob-
served, presumably corresponding to Cayf3,, associated with
Cayl.1 at the plasma membrane (Fig. 1 E). These results sup-
port the idea that myoblasts do not express Cays, yet still express
CayPi,. Thus, in MPCs, Cay3,, exists in a spatially and tempo-
rally separate pool from its constituent Cay, raising the likeli-
hood of Cay-independent functions.

Nuclear Ca,B1a

As other Cayf3 subunits have been observed in the nucleus of
various cell types, we hypothesized Cay[3;, may localize there
in MPCs as well. Because our antibodies did not appear sensi-
tive enough for clear immunofluorescent detection in C2C12
myoblasts, we constructed a recombinant adenoviral (RAd)
vector to overexpress a Ca,[3,,- YFP plasmid (Leuranguer et al.,
2006) in these cells. Ca,[3;,-YFP shows a predominantly cyto-
plasmic localization (Fig. 2 A), although some cells also exhib-
ited substantial fluorescence in the nucleus. However, after 3 h
of treatment with the CRM1 nuclear export channel blocker
leptomycin-B (LMB), all cells exhibited Ca,3;,-YFP fluores-
cence predominantly in the nucleus (Fig. 2 B). Ca,3;, antibody
staining of these treated cells overlapped with YFP fluorescence
in the nucleus (unpublished data). To further confirm the trans-
location of Ca,3;,-YFP into the nucleus of C2C12 myoblasts,
we obtained pure cytosolic and nuclear fractions from Ca,f3;,-
YFP—-expressing cells, and analyzed Ca,[3,,-YFP protein expres-
sion by Western blot (Fig. 2 C). Ca,3,,- YFP was clearly present
in the nucleus, even without LMB treatment. In both untreated
and LMB-treated cells, Ca,3;,-YFP could be immunoprecipi-
tated from nuclear fractions with an YFP antibody, further indi-
cating the specific localization of Ca,,,-YFP (Fig. 2 C). It is
important to note that the expected and observed size of Ca,[3;,-
YFP is nearly 80 kD (Fig. 2 C), far above the size limit for passive
diffusion into the nucleus (<50 kD), suggesting that Ca,[3,,-YFP
is rapidly and actively transported into the nucleus of C2C12
myoblasts. Furthermore, when examined carefully, the Ca,3;,-
YFP band in nuclear fractions appears to be of a slightly higher
molecular weight than cytosolic Ca,3;,-YFP, indicating that a
possible post-translational modification is required for, or induced
by, nuclear translocation.

We next wanted to determine if endogenous Ca,f3;, pro-
tein enters the nucleus of myoblasts. Immunostaining for endog-
enous Ca,p;, after LMB treatment in nontransfected cells did
not detect any clear nuclear enrichment (unpublished data), likely
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due to a lack of sensitivity or epitope masking. To circumvent
these issues, we performed a nuclear fractionation protocol and
Western blot analysis, which is more sensitive and avoids epi-
tope masking (Fig. 2 D). Compared with untreated cells, Ca, 3,
is enriched in the nuclear fraction of 6- and 12-h LMB-treated
C2C12 myoblasts. As Ca,f3;, expression levels change in cyto-
plasmic and membrane fractions with myogenic differentiation,
we also examined if Ca,(3;, nuclear expression changes during
this process (Fig. 2 E). Interestingly, while cytoplasmic Ca,3,
increases modestly with differentiation, nuclear Ca,[3,, appears
to decline, further underscoring a possible MPC-specific role for
Ca, By, in the nucleus. Close examination reveals that, like Ca,(3,,-
YFP, endogenous Ca,[3;, also seems to exist as a slightly higher
molecular weight species (Fig. 2, D and E) within the nucleus,
supporting the notion of a post-translational modification. In sum,
these data strongly suggest that Ca,f3,, enters the nucleus of
MPCs through some means of active transport.

Ca, B, possesses variable N- and C-terminal domains, as
well as conserved SH3, HOOK, and GK domains. We wanted to
determine which domain of Ca,[3;, endows its ability to enter
the nucleus, and also whether this is a specific ability of Ca,[3;,,
or a mechanism conserved in all Ca,f3 subunits. All four Ca,3

subunit isoforms have been reported to enter the nucleus (Buraei
and Yang, 2010), and data suggests that this ability may lie within
the SH3 domain (Colecraft et al., 2002; Hibino et al., 2003). How-
ever, Ca,f31, also possesses a yeast nuclear localization sequence
(NLS), KRKGRFKR (Hicks and Raikhel, 1995). This sequence,
located in Ca,;,’s N-terminal domain, is not highly conserved
in other Ca,[3 subunits, and thus may confer in Ca,[3;, a specific
ability to enter the nucleus. We created various truncation
mutants of the Ca,3,,-YFP protein and tested their individual
ability to enter the nucleus in the presence and absence of LMB
(Fig. 3 A and Fig. S1). All constructs except for Cay(3,,161-524
(lacking N terminus and SH3 domains; Fig. 3 B) showed en-
riched nuclear localization after LMB treatment, including the
mutant lacking the putative yeast NLS. Several constructs lack-
ing the GK domain showed strong nuclear localization without
LMB; however, this could be attributed to low molecular weight.
One exception is Ca,p,-101-274 (Fig. 3 C), which contains
SH3 and middle regions, and has a predicted molecular weight
(47 kD when fused to YFP) close to the 50-kD barrier. Overall,
these data suggest that the nuclear localization domain of Ca,f3;,
lies somewhere in the SH3 or middle region, in agreement with
previous findings for other Cay[3 subunits.
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Loss of the Cacnbl gene in mice leads to a noticeable deficit in
muscle mass in prenatal stages (Gregg et al., 1996). Though this
was attributed to lack of EC coupling in myofibers, we hypoth-
esized it may be due in part to the loss of Ca,[3;, in MPCs as well.
To test this, we examined the effects of knocking down Ca,[3;,
on C2C12 myoblast proliferation in vitro. Because C2C12 myo-
blasts are not excitable and do not express Cayl.1 (Fig. 1 D;
Bidaud et al., 2006), any effect from reduction of Ca,3;, likely
reflects a Ca,-independent function of Ca,f3;,. Stable transfec-
tion of cells with Ca,3,, shRNA achieved substantial reduction
of Ca,[3, protein (Fig. 1 C). When observed in culture, Ca,f3,
shRNA-transfected cells grew more slowly than controls. To verify
this observation, clonal cultures of scrambled control and Ca,(3,,-
shRNA-transfected C2C12 myoblasts were plated at equal den-
sities and then counted 24 and 48 h later. Two out of three

Ca,P,-shRNA-transfected cultures showed significantly fewer
cells at 24 and 48 h compared with scrambled controls (Fig. S2).
Similarly, knockdown of Ca,(,, in primary MPCs resulted in
significantly impaired growth over 7 d in culture compared with
controls, especially at later time points (Fig. 4 A). Ca,f3;, knock-
down cells showed more frequent AnnexinV-FITC staining than
control cells in vitro, although the difference was not significant
(P =0.07; Fig. S3 A). To further evaluate the role of Ca,3;, in
MPC proliferation, we cultured MPCs from E18.5 Cacnbl ™'~
embryos using FACS (Fig. S4 A). MPCs derived from Cacnbl ™"~
embryos also showed significantly less cell proliferation after
4 d in culture (Fig. 4 B) compared with heterozygous controls.
Together, these data suggest that loss of Ca,f;, expression se-
verely affects MPC expansion.

MPCs are prone to spontaneous differentiation even under
proliferative conditions; thus, we hypothesized that overexpres-
sion of Ca,f3,, may enhance proliferation in wild-type MPCs
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by preventing differentiation. To test this idea, we transfected
primary MPCs with an EGFP control plasmid (Fig. 4 C) or Ca,3,-
YFP (Fig. 4 D), and then stained for the marker of proliferation,
Ki67 (Gerdes et al., 1984). After 24 h in culture, a significantly
higher percentage of Ca,[3;,- YFP—transfected cells were also Ki67
positive, compared with EGFP/Ki67-positive cells (Fig. 4 E).

Thus, increasing Ca,[3;, expression level appears to enhance
proliferation of MPCs, possibly by protecting against differen-
tiation, further supporting the concept that Ca,f3,, plays a criti-
cal role in MPC expansion.

Due to the effects of Ca,f3,, loss on MPC proliferation
in vitro, we hypothesized that some of the deficits in muscle mass



seen in Cacnbl '~ mice are due to impaired MPC proliferation,
beyond the already known loss of Ca,1.1 function and EC cou-
pling. As Cacnbl ™'~ mice do not survive past birth, they must
be studied at the embryonic stages. We chose to examine E13.5
embryos, as this time corresponds to the early stages of limb
muscle development in mice, before complete innervation and
large-scale muscle formation (Platzer, 1978; Ontell et al., 1995).
Thus, effects from loss of EC coupling during development
could be minimized, as most of the muscle cells at this time are
newly formed myotubes or still in the progenitor phase. Hema-
toxylin and eosin (H&E) staining of hind limbs from E13.5 em-
bryos showed that the relative area of nascent muscle bundles
was markedly smaller in Cacnbl '~ embryos compared with
wild type, whereas the overall number of the muscle bundles
was similar (Fig. 5, A—C). Thus, the deficit in muscle mass pre-
viously observed in Cacnbl '~ mice (Gregg et al., 1996) occurs
very early during muscle development. To test whether im-
paired MPC growth contributed to the lower muscle mass seen
in Cacnbl™'~ embryos, we stained cross sections of Cacnbl Al
(Fig. 5 D) and Cacnbl ™'~ (Fig. 5 F) hindlimbs for the MPC
marker Pax7, and the proliferation marker Ki67. Compared with
CacnbI*™, Cacnbl™'~ mice had a significantly lower number
of Pax7* cells per um? at the same time during development
(Fig. 5 L). Surprisingly, the percentage of proliferating (Ki67*)
Pax7* cells was significantly higher in Cacnbl™'~ embryos
(Fig. 5 M), suggesting a possible compensatory mechanism by
the remaining Pax7* MPCs. Importantly, this finding also indi-
cates that loss of Cacnbl expression does not impair Pax7* MPC’s
ability to divide, per se, and therefore must limit the Pax7* MPC
pool through more circuitous mechanisms. Accordingly, we mea-
sured AnnexinV-FITC/7AAD staining in E12.5 embryos by flow
cytometry (Fig. S3 B) in order to see whether lower MPC num-
bers were due to increased rates of cell death on the preceding
day. Similar to our in vitro results with Ca,3;,-shRNA in pri-
mary MPCs, Cacnbl ™'~ cells did not show an increase in any
markers of apoptosis or necrosis. Next, we examined whether
aberrant differentiation might explain reduced Pax7* MPC pool
size by quantifying the number of myogenin (a marker of ter-
minally differentiated skeletal muscle)-positive cells in E13.5
embryos (Fig. 5, H-L). Cacnbl '~ embryos had a comparable
number of myogenin® cells to wild type, resulting in a higher
ratio of myogenin*/Pax7* cells (Fig. 5 N). The equal number
of myogenin® cells juxtaposed with smaller Pax7* MPC pools
suggests an increased preference for terminal differentiation
in Cacnbl™'~ embryos. Thus we conclude that loss of Cacnbl
causes aberrant and/or premature terminal differentiation, which
in turn leads to depleted Pax7* MPC pools and subsequently
smaller muscle mass.

Chromatin binding of Ca,p1a

Our results demonstrate that Ca,f3,, enters the nucleus of myo-
blasts and loss of Ca,[3;, expression impairs MPC expansion.
Therefore, we hypothesized that Ca,[3;, may act as a transcrip-
tional regulator. To test this question, we performed chromatin
immunoprecipitation (ChIP) on-chip assays (Fig. 6). A Ca,31.
antibody was used to immunoprecipitate chromatin from C2C12
myoblasts, which was hybridized to promoter arrays containing

10-Kb coverage of 25,500 mouse genes at 35-bp resolution.
Enriched Ca,f,, binding was detected in the promoter regions
of 952 genes (Table S3). Binding peaks were enriched closest to
the transcription start site (TSS) of most genes (Fig. 6 A), with
the vast majority falling inside or upstream of the gene-coding
region (Fig. 6 B). Motif analysis revealed two highly enriched
DNA sequences (Fig. 6 C). The first motif contains a nonca-
nonical, heptameric E-box sequence (CANNNTG), which has
been previously reported (Virolle et al., 2002). Several other motifs
containing canonical (CANNTG) and noncanonical (CANNGG,
CANNTT) E-box motifs were also enriched, although to a lesser
degree. The second motif contains a Bicoid-class homeodomain
sequence: TAATCC (Noyes et al., 2008). Functional annota-
tion of enriched peaks revealed Ca,[3;, binds to the promoter re-
gions of a broad set of genes, including many involved in signal
transduction and stress response (Fig. 6 D). Normalized log2
(Ca,B,./1gG) Ca,P;,-binding peaks at the promoter regions of
genes of interest, namely transcription factors with known in-
volvement in development, were visualized in the UCSC browser
(Fig. 6 E). Secondary validation of these genes was tested by
ChIP-PCR with a GFP/YFP antibody in untransfected and
Ca,3,,- YFP—transfected myoblasts. Nearly all of the promoter
regions tested showed greater than twofold enrichment, across
multiple primer pairs, in the Ca,3,,- YFP—transfected cells, with
the exception of negative controls (Fig. 6, F and G). Thus, Ca,f,
localizes to the promoter region of numerous genes in separate
experimental designs.

Global gene regulation by Cacnb1

To further complement our ChIP-on-chip data, we used micro-
array analysis to examine changes in global gene expression in
the presence or absence of Ca,f3;,. Pure MPC cultures were iso-
lated from Cacnb 1™, Cacnbl*'~, and Cacnbl ™™ mice (Fig. S4),
and total RNA was extracted and used from microarray analysis
(Fig. 7 and Table S5). We identified genes of interest as those
that showed significant fold change in a Cacnbl dose-dependent
manner. Specifically, we identified 1,104 genes that decreased
with decreasing Cacnbl expression (negatively regulated by
Cacnbl; Fig. 7 A) and 1,888 genes that increased with decreasing
Cacnbl expression (positively regulated by Cacnbl; Fig. 7 B).
One gene negatively regulated by Cacnb] (increased in Cacnbl™'~)
of particular interest was the transcription factor myogenin
(Myog). Myogenin is known to play a critical role in skeletal
muscle development, and intriguingly was found in an increased
ratio to Pax7* cells in our exploration of early muscle develop-
ment in Cacnbl ™'~ embryos. Further functional analysis high-
lighted many genes involved in cell cycle regulation and muscle
development (Fig. 7, A and B). Of the genes identified from
ChIP-on-chip, 40 showed increased expression in Cacnbl ™'~
cells, whereas 70 showed decreased expression, indicating that
Ca, 31, may act as both a positive and negative regulator of gene
expression at the chromatin level (Table S6).

Cacnb 1 regulates Myog

Myogenin acts as a switch for MPCs to transition from prolifer-
ation to differentiation, and previous studies have shown that pre-
cocious expression of myogenin can lead to MPC pool depletion

CaB+1- regulates gene expression and muscle growth « Taylor et al.

835


http://www.jcb.org/cgi/content/full/jcb.201403021/DC1
http://www.jcb.org/cgi/content/full/jcb.201403021/DC1
http://www.jcb.org/cgi/content/full/jcb.201403021/DC1

836

(@)

A 0.05-
25 0044
£ 1
‘ = S 003 *
o B
L
52 0021
iz "
\ S@ 001+
Cacnb1*/* 0.00-
Cacnb1*"* Cacnb1™
E13.5 Cacnbl ** E13.5 Cacnbl "
~
x
O
[a
S~
<
=
&)
~
x
©
o
~
N~
L
4
o1}
(@]
>
S
NG
<
Z
)
0]
o
>
>
<
N~
S |
A
L W Cacnb1** M N
M Cacnb1™”
* * * °100_ * +/+
0.008; |—‘ s 2 M Cacnb1 o 20;
2 g0 = pl= -
Ng — 3 eo_ Cacnb1 E 15] .
B ‘v 601 S
= 0.004- Z 8 1.0
8 ] B 40; o
1 +
0.002- £ o0 go.s-
[=]
& 00
0.000- ol
Pax7* PaxT:I Myog® Myog'/ Pax7* Myog" b«""’ “b1"
Ki67 Ki67" oo ca®

Figure 5. Impaired skeletal muscle development in Cacnb1~/~ mice. (A-C) H&E staining of early muscle bundles in E13.5 Cacnb1*/* (A) and Cacnb17/~
(B) embryos (n = 3). Eosin positive bundles were traced, averaged, and normalized to overall cross section size (C). Bar, 100 pm. (D-N) Analysis of
myogenic markers in Cacnb1** and Cacnb1~/~ E13.5 embryos. Cross sections from Cacnb1** (D, F, H, and J) and Cacnb1~/~ (E, G, |, and K) were
stained for Pax7 (red) and Kié7 (green; D-G) or myogenin (red) and Kié7 (green; H-K). Nuclei (DNA) in all slides were stained blue with Hoechst dye.
D'-K’ show magnified views of adjacent muscle bundles (dashed lines). Bars, 50 pm. (L) Quantification of absolute number of Pax7* and myogenin* cells,
and absolute number of double-positive Pax7*/Kié7* or myogenin*/Ki67* cells, per pm2. (M) Proliferative index as measured by percentage of Pax7*
or myogenin® cells that were also Ki67*. (N) Ratio of absolute number of myogenin® to Pax7* cells, per pm?. n = 3 embryos each, 3 histological sections
quantified per embryo. Data are mean + SEM; *, P < 0.05; **, P < 0.005.



300 bp

scate
it
e

Wnt3

A5 E pox3 Fomw i
oy i & TR B | || bl e Ctrl BYFP_ Ctrl BYFP
2 o
g 5 g 200 5p T /<2
g 5 : o I
o B4 o
L ¥ bl o I o #
o 200 o R Cb:S #2
o Tnnt3
-20000  -10000 [ 10000 20000 e 142,10, 0001 100 bp _ Pax3 #1
o
oo
5 U ——
200 bp Tnnt3#2
wht3 —
- Lk
o
: oo | o0V
o
Qo
rennun AR RANAN
OVerIap Start e

Upstream

C : :

E-valuel.3e-017

E-value2.8e-048
] PP ACTAIQQ

Number of Genes

ChIP/Input (AU)

0 50 100 150 200 250 0 02 04 06 08 1
multicellular organismal process ‘ . . . . K Casp2 ctrl
cell surface receptor linked signal... Casp2 BYFP
G-protein coupled receptor protein... Cbx5 #1 ctrl
neurological system process Cbx5 #1 BYFP
negative regulation of biological... Cbx5 #2 ctrl
negative regulation of cellular process Cbx5 # 2 BYFP
response to stress DIx2 ctrl
catabolic process DIx2 BYFP
regulation of signal transduction Pax3 #1 ctrl
regulation of molecular function Pax3 #1 BYFP
neurogenesis Pax3 #2 ctrl
regulation of catalytic activity Pax3 #2 BYFP
cellular response to stress Thx5 ctrl
sexual reproduction Tbx5 BYFP
regulation of growth Tnt3 #1 ctrl
cell projection organization Tnt3 #1 BYFP
response to DNA damage stimulus Tnt3 #2 ctrl
regulation of small GTPase mediated... Tnt3 #2 BYFP
neuron projection development Wnt3 ctrl
DNA repair Wnt3 BYFP
regulation of Ras protein signal... BDNE ctrl
regulation of hydrolase activity BDNF BYFP
cell projection morphogenesis Cacnb1 ctrl

cell part morphogenesis

Cacnb1 BYFP

Figure 6. ChIP-on-chip analysis of Ca,B1.. (A) Histogram of Ca,81,binding distance from transcription start site. (B) Distribution of features of each
Ca,B1, peak relative to overlapping or nearest genes. (C) Top two consensus Ca,B1, DNA-binding motifs. (D) Functional annotation of genes bound by
Ca,B1a Top 20 categories are shown. (E) Representative log2 (Ca,B1./1gG) binding peaks on genes of interest in UCSC genome browser. Orange peaks
indicate positive log2 Ca,B1./1gG values and presumed sites of Ca,B1, chromatin binding; blue indicates negative enrichment. (F and G) Validation
of ChIP-chip-identified target genes by chromatin immunoprecipitation using a GFP antibody in control and Ca,B1,YFP—transfected C2C12 myoblasts.
“#" indicates separate primer pairs used fo test multiple sites on each promoter region. Asterisk indicates negative controls. Immunoprecipitated DNA
intensity was normalized to input for control and Ca,B1,-YFP (G).

Ca.f1. regulates gene expression and muscle growth ¢ Taylor et al.

837



838

A

Anatomical Regulation of Catabolic process,
structure biological quality, ,_ 100
morphogenesis, 105

? Response to
Negative stress, 116
regulation of
cellular process,

117

Positive
regulation of
cellular process,
133 Negative
regulation of
biological

Cellular Process, 135

developmental
process, 138
Positive fca
regulation of structure
biological development, 200

metabolic
process, 215

+/-|; +/- -/-

Myocyte Enhancer Factor2a
Forkhead Box C2

Pax3

T-box 4

Whnt5a

Myogenic Factor 6

1y

Multicellular
organismal

egulation of

development, .
221 Nitrogen
compound
metabolic process,
171

B

Establishment of
protein
localization, 37

Establishment
of localization
ig cell, 37

Cellular
localization,
39

Macromolecule Goracs 4
localization, 46 P E

Cell division, 35

Cell cycle

Cell cycle, 55

Organelle
organization, 79

+/+ +/- -/-

Myogenin
Cyclin A2
Chromobox 5
Caspase 7
Titin
Troponin C

In

Figure 7. Microarray analysis of Cacnb1 wild-type (+/+), heterozygous (+/—), and knockout (—/—) MPCs. Genes were selected based on dose-dependent
correlation with Cacnb1 expression. Genes said to be up-regulated by Cacnb1 are lowest in —/— cells and functionally annotated in A, whereas genes
said fo be down-regulated by Cacnb1 are highest in —/— cells and functionally annotated in B. GOTERM “other” (1,640 for A and 234 for B) was omitted
from charts in order to improve visibility of other categories. Genes of interest involved in cell cycle and muscle development are listed below pie charts.

See also Fig. S3 and Table S4.

(Schuster-Gossler et al., 2007; Van Ho et al., 2011). We there-
fore hypothesized that if Myog is inhibited by Ca,f3,,, then the
impaired MPC growth we observed when Ca,[3;, was knocked
down/out was due to aberrant myogenin expression in these cells.
To confirm our microarray results, we generated myogenic explant
cultures from E18 embryos and quantified myogenin expres-
sion using immunocytochemistry (Fig. 8, A-C) and quantitative
RT-PCR (Fig. 8 D). After 3 d, cultures from Cacnbl '~ embryos
had significantly more myogenin-positive cells than Cacnbl**
(Fig. 8 C). Myogenin mRNA was also approximately sevenfold
higher overall in Cacnbl ™'~ cultures compared with Cacnb1*'*
and CacnbI*~ (Fig. 8 D). Similarly, primary MPC cultures trans-
fected with Ca,[3,, ShRNA showed a significantly higher percent-
age of myogenin-positive cells compared with controls (Fig. 8 E).
To test whether loss of Cacnbl increases myogenin in MPCs
in vivo, we measured myogenin mRNA in the hindlimb buds
of E11.5 Cacnb1**, Cacnb1""~, and Cacnbl ™'~ embryos (Fig. 8 F)
at a time which predates differentiated muscle formation in the
developing limb (Taher et al., 2011). Myogenin mRNA was
~10-fold and 25-fold higher in the limb buds of Cacnbl*'~ and
Cacnbl™'"~ embryos, respectively, compared with wild-type con-
trols. Together, these results demonstrate that loss of Ca,3;,

JCB « VOLUME 205 « NUMBER 6 « 2014

results in increased myogenin mRNA and protein, thus validating
our microarray data, and also suggesting that Ca,3,, acts to in-
hibit myogenin expression. To test whether this inhibition was
dependent on Ca,[3,, nuclear entry, we used Ca,[3;,-YFP mutants,
which had shown the strongest and weakest nuclear localization
(Fig. 3). Compared with full-length Ca,f3,,-YFP, Ca,3,,-101-274-
YFP (lacking GK domain and constitutively nuclear) showed an
enhanced ability to suppress myogenin expression in differenti-
ating C2C12 myoblasts, whereas Ca,[3,,-161-524-YFP (lacking
SH3 domain and constitutively cytoplasmic) was much less ef-
fective at inhibiting myogenin expression (Fig. 8 G).

We next sought to determine how Ca,[3;, regulates myo-
genin expression, hypothesizing that Ca,[3;, may interact with
the Myog promoter. To initially test this idea, we made use of a
luciferase reporter gene linked to a core region of the myogenin
promoter (—184 +44; Myog-luc; Berkes et al., 2004). When
Myog-luc—expressing C2C12 myoblasts were cotransfected with
Ca,B,-YFP, we saw decreased reporter gene activation com-
pared with EGFP-transfected controls (Fig. 9 A), suggesting
that Ca,3,, represses myogenin gene expression via direct or indi-
rect actions on the Myog promoter region. After two days in dif-
ferentiation medium, Ca,[3;,- YFP no longer suppressed Myog-luc
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activity, indicating that the Myog promoter escapes Ca,f3;, reg-
ulation after terminal differentiation (Fig. 9 A). Conversely, C2C12
myoblasts cotransfected with Myog-luc and Ca,3;, shRNA
showed significantly higher luciferase activation than controls
(Fig. 9 B). Thus, loss of Ca,3;, protein enhances activation of the
Myog promoter. In addition, ChIP-gPCR (Fig. 9 C) of Ca,f3,,-YFP
showed specific enrichment of the proximal Myog promoter,
but not a region of intragenic DNA 3’ to the Myog gene. Although
modest (approximately twofold), this level enrichment was
comparable to Ca,f3;, binding at the TnnT3 promoter region that
we identified from our ChIP-on-chip experiments, versus another
unbound region located in exon 5 of the Cacnbl gene (Fig. 9 C).
The proximal Myog promoter contains several conserved
transcription factor—binding sites, leading us to examine which
site(s) Ca,P;, might act on within this region. Motif analysis
from our ChIP-on-chip data led us to investigate both canonical
and noncanonical E-boxes, and homeobox motifs within the
core (—184 +44) Myog promoter. In electrophoretic mobility
shift assays (EMSAs), addition of Ca,f3,,-YFP protein caused a
specific shift of a probe containing the NC E-box from our
ChIP-on-chip consensus motif (9D). However, a probe contain-
ing the secondary homeodomain-binding motif (TAATCC) was
not shifted by Ca,;,-YFP. A probe from a portion of the Myog
promoter containing both a homeodomain site (Pbx) and an
adjacent NC E-box (CAGCTTA) similar to our consensus motif
was shifted by Ca,[3;,-YFP protein, and supershifted by addi-
tion of a GFP/YFP antibody. Importantly, the shift induced by
Ca,B,-YFP to the Myog promoter probe could be almost com-
pletely erased by using our ChIP-on-chip—identified NC E-box

sequence as a competitor. Thus, Ca,[3,, appears to interact with
a heptameric NC E-box motif located in the proximal Myog
promoter, although the higher affinity of Ca,(3,,-YFP for the
Myog promoter sequence than for our consensus motif suggests
this fragment of the Myog promoter may contain additional se-
quences important for Ca,[3;, binding. To better understand the
relationship between Ca,[3;,-YFP, canonical and noncanonical
E-boxes, and homeodomain motifs, within the context of Myog
promoter activity, we used Myog-luc mutant constructs (Berkes
et al., 2004). Mutation of both canonical and noncanonical E-box
motifs attenuated Ca,[3;,- YFP-induced inhibition, whereas mu-
tation of the homeodomain/Pbx-binding site actually enhanced
inhibition by Ca,3,,-YFP (Fig. 9 E). We conclude that Ca,3;,
binds to the proximal Myog promoter at a specific NC E-box
motif, and that its binding affinity may be regulated by complex
involvement from nearby homeodomain and E-box sites.
Because of its apparent involvement with canonical and non-
canonical E-box sites, as well as homeodomain sites, we tested the
ability of Ca,3;,-YFP to interact with E-box and homeodomain
proteins known to bind to the Myog E-box—binding proteins. MyoD
(Cheng et al., 1992), Mef2 (Edmondson et al., 1992), and homeo-
domain proteins Lef-1 (not expressed in myoblasts; Fig. S5 A) and
Pbx1 (Berkes et al., 2004) all failed to co-precipitate with Ca,(3;,-
YFP (Fig. S5 B). Expression of Ca,3;,-YFP did not alter the
subnuclear localization of MyoD or Mef2 (Fig. S5 C), suggest-
ing that Ca,3;, does not act on the Myog promoter in concert with
any of these proteins. Together, these results indicate that Ca,[3;,
does not bind the Myog promoter as part of a complex with MyoD,
Mef2, or Lef-1, suggesting an interaction with other proteins.
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Discussion

Ca, B, has long been known solely for its essential role in skel-
etal muscle EC coupling. Though a few reports have intimated
roles for the protein as a transcriptional regulator, a well-defined
physiological context for Ca,[3 subunits outside of Ca,-regulation
has yet to be established. Here we show that the Ca,[3;, sub-
unit regulates skeletal muscle myogenesis in vivo during embry-
onic development via repressive actions on the Myog promoter
in MPCs.

The idea of Ca,-independent roles for Ca,[3 subunits has
been suggested previously, which has been mainly tied to their
nuclear translocation. Ca,3,. and Ca,[3; subunits have been shown
to regulate transcription in vitro by direct suppression of Hpl
(Hibino et al., 2003) and Pax6(s) (Zhang et al., 2010), respectively,
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in a Ca,-independent fashion. A precise physiological role for
Ca,-independent functions of Ca,3 subunits has been elusive,
but a few recent clues have emerged. Garrity and colleagues have
also shown effects of morpholino-mediated Ca,3 knockdown
in zebrafish models: knockdown of Ca,f3,4 prevented normal
epiboly in early zebrafish embryos, which could be rescued by
a Ca,-binding—deficient mutant Ca, 34 (Ebert et al., 2008). Inter-
estingly, this group also found impaired cardiac progenitor cell
proliferation in 24-30 and 30-36 h post-fertilization zebrafish
embryos after Ca,f3, knockdown (Chernyavskaya et al., 2012).
The latter finding is especially compelling in the context of our
findings that Ca, 3, knockdown/gene knockout in muscle pro-
genitor cells impairs their expansion in vitro and in vivo. Ca,3
subunits may also have distinct nuclear functions in mitotic ver-
sus post-mitotic cells, as evidenced by recent papers showing
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specific actions for Ca,f34 in the nucleus of cerebellar neurons
(Subramanyam et al., 2009; Tadmouri et al., 2012). An interest-
ing future direction will be to explore the potential nuclear role
of Ca,[3,, in differentiated skeletal muscle.

A foundation of our study was the novel finding that Ca,3;,
enters the nucleus of MPCs. An important question that remains
is how do Ca,f31,, and Ca,3 subunits, in general, travel to the nu-
cleus? One possibility is that Ca,[3 subunits bind to other proteins,
either in a conserved or isoform/tissue-specific fashion. Earlier
works with other Ca,3 subunits offered several different protein-
binding partners that may be responsible for their nuclear trans-
location, including the aforementioned Hpl and Pax6(s)
proteins, as well as the RGK (Rad, Rem, Gem/Kir) family of
proteins (Buraei and Yang, 2010), and B568 and PP2A (Tadmouri
et al., 2012). In our own assays, neither Hpl nor the RGK pro-
tein Rem coprecipitated with Ca,3,,-YFP (unpublished data). We
also did not see evidence of Ca,3,, interaction with Lef1 or sev-
eral other proteins also known to regulate the Myog promoter
(MyoD, Mef2, Pbx1), leaving this as an open question.

Another possibility is that Ca,3 enters the nucleus based
on an NLS specific to one or more isoforms of the protein. We
believe this to be less likely, as Ca,[3 subunits do not possess
a classical NLS, and truncation of a lysine/arginine-rich puta-
tive yeast NLS (Hicks and Raikhel, 1995) does not affect nu-
clear localization of our Ca,[3;,- YFP constructs. Our work and
other studies (Hibino et al., 2003; Takahashi et al., 2005) high-
light the importance of the SH3 domain for Ca,[3 nuclear trans-
location. The apparent importance of the SH3 domain in nuclear
localization across Ca,[3 isoforms suggests that this phenom-
enon is conserved, yet the individualized preference of Ca,3
isoforms for nuclear binding partners paradoxically argues in
favor of isoform-specific mechanisms of nuclear translocation.
The SH3 domain contains a PxxP binding motif (Buraei and
Yang, 2010), and may therefore bind multiple NLS-containing
proteins in a tissue-specific fashion, offering a possible way to
reconcile these findings.

Reduced skeletal muscle mass has been associated with
loss of the Cacnbl gene since the original creation of the knock-
out mouse (Gregg et al., 1996). This phenotype was viewed as
similar to that seen in the dysgenic (Ca,1.1 mutant; Pai, 1965;
Knudson et al., 1989; Chaudhari, 1992), and dyspedic (RyR
mutant; Takeshima et al., 1994), and therefore attributed to lack
of EC coupling during development. Although the initial report
looked at mice in the late prenatal stage (E18), we observed deficits
in Cacnb1™'~ muscle mass as early as E13.5, suggesting a sus-
tained impairment during early muscle development. We also
observed fewer Pax7* MPCs in Cacnbl™'~ hindlimbs, a deficit
which cannot be explained by lack of EC coupling. Furthermore,
myogenin mMRNA was increased in the limb buds of E11.5 mu-
tant mice, at a time that predates myotube formation (Taher et al.,
2011) and thus EC coupling. It is possible that Ca,s play some
other role in MPC proliferation/expansion, beyond EC coupling.
However, this appears unlikely, as our data from C2C12 myoblasts
showed both the complete absence of Ca, 1.1 expression and the
absence of Ca,[3;, membrane localization, together suggesting
the total absence of any functional Ca,s in MPCs. Additionally,
a previous report found no differences in the growth rate of MPCs

isolated from wild-type and dysgenic mice (Pincon-Raymond
etal., 1991).

A key concept in the field of skeletal muscle development
and regeneration is the need for precise balance between progeni-
tor cell proliferation and differentiation. Terminal differentiation
(e.g., myogenin expression) of MPCs is closely associated with
their exit from the cell cycle, recently underscored by work show-
ing that myogenin promotes the expression of the anti—cell cycle
miRNA20a (Liu et al., 2012). Therefore, suppression of differen-
tiation proteins, such as myogenin, is critical for normal MPC ex-
pansion. Several works in mutant mouse models (Schuster-Gossler
et al., 2007; Van Ho et al., 2011) show that a decreased number
of Pax3/Pax7" MPCs during development is associated with an
increase in myogenin®, and presumably terminally differentiated
cells. This is consistent with our findings that Cacnbl ™'~ mice
show a higher ratio of myogenin*/Pax7" MPCs in hindlimbs
at E13.5, which is preceded by significantly higher myogenin
mRNA in hindlimb buds at E11.5. Based on our data, we propose
a mechanism for this pathway by which Ca,3;, acts at the Myog
promoter region to suppress its transcription (Fig. 10).

The question of exactly how Ca,f3;, regulates the Myog
promoter is complex. Our ChIP-on-chip experiment did not iden-
tify Myog as a gene bound by Ca,p,, yet our ChIP-qPCR and
EMSA results indicated it was. A possible reconciliation for these
findings is that Ca,[3;, binds weakly or transiently to Myog
(in agreement with our relatively low ChIP-qPCR enrichment),
and perhaps acts to displace or rearrange a larger protein complex.
The primary DNA consensus motif discovered for Ca,f3,, was an
NC (heptameric) E-box, followed by a Bicoid-class homeodomain
motif. In addition, several hexameric NC E-boxes were identified
(unpublished data). Ca,,-YFP bound to NC E-box sequences
in EMSAS, but not homeodomain motifs, suggesting a selective
association with E-box or NC E-boxes found adjacent to homeo-
domain sequences, while not acting directly on the homeodo-
main sequences themselves. The Myog promoter contains such
an arrangement (Berkes et al., 2004), and EMSA and Myog-luc
assays provided strong evidence that Ca,3;, localizes and acts
on this element of the Myog promoter.

It is important to note that whereas Ca,;, inhibits myo-
genin expression in MPCs, Ca,[3,, expression actually increases
during myogenic differentiation in vitro, a period well known to
be marked by a transient increase in myogenin expression.
Therefore, under normal circumstances it seems that the Myog
promoter finds a way to escape Ca,[3;,-mediated inhibition dur-
ing differentiation. The apparent decline in Ca,3;, nuclear local-
ization with myogenic differentiation offers a partial mechanism
for this escape, although some visible Ca,[3;, apparently remains
in the nucleus of differentiated myotubes, suggesting additional
regulatory mechanisms. The identification of cofactors involved
in Ca,[3;, regulation of the Myog promoter is critical for address-
ing this question.

Our work describes a highly novel role for Ca,f;, in
MPCs, from the molecular to physiological level. The specific
function of Ca,f3;, in skeletal muscle and the generalized role
(if any) for all Ca,3 subunits in the nucleus are both important
lines of research, and both should offer important insight into
basic cellular function and human health and disease.
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Figure 10. Mechanism of Cayf;, regulation of myogenesis. In Cacnb 1*/* MPCs, CayB1, enters the nucleus and acts on an NC E-box on the Myog pro-
moter, suppressing Myog expression and allowing Pax7* MPCs to proliferate in sufficient quantity. Following differentiation cues, CayB1, exits the nucleus
and Myog is disinhibited, allowing terminal differentiation and fusion of myotubes. In Cacnb1~/~ MPCs, Myog is not properly suppressed, leading to
increased probability of Myog up-regulation and precocious differentiation. The number of myogenin-expressing cells is initially higher, but because their
formation also depletes the Pax7* progenitor pool, there are fewer precursors to form myogenin-positive cells at later time points. The final result is under-

developed skeletal muscle.

Materials and methods

RT-PCR and real-time PCR

Total RNA was isolated from cells and tissue using TRIzol reagent. Primer
sequences used for RT-PCR and ChIP-PCR, as well as product numbers for
realtime TagMan primers (Applied Biosystems) are listed in Table S1. For real-
time PCR, gene expression was defermined using the 27**“T method (Livak
and Schmittgen, 2001). mRNA was primed with random hexamers and
reverse transcribed with Reverse Transcription Ill (Invitrogen). RT-PCR was
performed on a GeneAmp PCR System 3700 (Applied Biosystems) under
the default parameters for 35 cycles. For realtime PCR, samples were pre-
pared using TagMan Gene Expression Master Mix (Applied Biosystems)
and TagMan probes (Table S1) on a gPCR system (Mx3000P; Agilent Tech-
nologies), using the default parameters for 35 cycles.

Protein isolation and Western blot
Cytosolic and membrane fractionation were based on previous protocols
(Leung et al., 1987; Taylor et al., 2009). In brief, C2C12 cells were collected
with a rubber scraper, rinsed in ice-cold PBS, and lysed in ice-cold buffer A
(20 mM sodium pyrophosphate, 20 mM sodium phosphate monobasic, 1 mM
MgCl,, 0.5 mM EDTA, and 303 mM sucrose with complete protease in-
hibitor cocktail [Roche]) using a handheld glass homogenizer. Homoge-
nate was centrifuged at 100,000 g for 90 min at 4°C in a rotor (model Ti
70i; Beckman Coulter). The supernatant was saved as the cytosolic fraction.
The pellet was rinsed with ice-cold PBS and resuspended with a glass ho-
mogenizer in fresh digitonin buffer (1% digitonin [wt/vol], 185 mM KClI,
1.5 mM CaCly, and 10 mM Hepes, pH 7.4, with complete protease inhibi-
tor cocktail) as the membrane fraction.

For cytosolic and nuclear fractions, C2C12 myoblasts were lysed in

Ontell buffer (Washabaugh et al., 2007; 19 mM NaCl, 1.5 mM MgCl,,
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20 mM Hepes, pH 7.4, 1 mM DTT, 20% glycerol, and 0.1% Triton X-100;
300 pl buffer per 100 mg tissue) using 50-100 strokes of a glass homoge-
nizer. Lysate was centrifuged at 1,000 g for 10 min at 4°C and superna-
tant was taken as cytosolic fraction. Pellet was rinsed twice in Ontell buffer,
then resuspended in buffer 2 (0.5 M sucrose, 5 mM MgCly, 10 mM Tris, 1T mM
DTT, and 0.6 M KCI) as the nuclear fraction.

Protein concentration was measured using Bradford or bicincho-
ninic protein assays with bovine serum albumin standards.

For Western blotting, proteins samples were mixed with 2x Laemmli
buffer (2% SDS, 20% glycerol, 0.004% bromophenol blue, 0.125 M Tris,
and 5% B-mercaptoethanol; Laemmli, 1970). Samples to be probed for
Ca,1.1 were loaded in 8 M Urea buffer (8 M Urea, 20% SDS, 50 mM Tris,
0.004% BPB, 2 M Thiourea, and 1 mM DTT), boiled at 95°C for 5 min,
and separated by SDS-PAGE using 10% polyacrylamide gels with 4.5%
stacking gels. Proteins were transferred to PVDF membranes and blotted
using 5% nonfat dry milk in TBS + 0.02% Tween 20 for all antibody incu-
bation steps. Proteins were visualized with ECL Plus (GE Healthcare).

Antibody clone, dilution, and product numbers are listed in Table S2.

Construction of recombinant adenoviral vector RAd-Ca,31,-YFP

cDNA for Ca,B-EYFP (GenBank accession no. M25514.1, donated by
K. Beam, Colorado State University, Fort Collins, CO; Leuranguer et al., 2006)
was inserted into a RAd vector by a variant of the two-plasmid method (Hitt
et al., 1998) using the AdMax plasmid kit (Microbix). cDNA coding for
Ca,B1,YFP was excised from plasmid Ca,B1,-YFP (with EcoR | and Hpa | at
the 5’ and 3’ end, respectively) and inserted in the multiple cloning site
(MCS) of shuttle pDC516 (one of the shuttle plasmids in the kit), which con-
tains an expression cassette consisting of the mouse cytomegalovirus promoter
(mCMYV) and the simian virus 40 (SV40) polyadenylation signal, immedi-
ately upstream and downstream of the MCS, respectively. Downstream of


http://www.jcb.org/cgi/content/full/jcb.201403021/DC1
http://www.ncbi.nlm.nih.gov/nucleotide/M25514.1
http://www.jcb.org/cgi/content/full/jcb.201403021/DC1

this cassette, pDC516 also contains an frt recognition site for the yeast
FLP recombinase. The second plasmid of the kit, the genomic plasmid
pBHGTrt(del)ET,3 FLP, consists of the entire genome of adenovirus 5 (Ad5),
with deletions in the E1 and E3 regions. Upstream of the E1 deletion,
pBHGHrt(del)ET,3 FLP contains an expression cassette for the gene for yeast
FLP recombinase, and immediately downstream the E1 deletion there is an
frt recognition site. Both plasmids were cotransfected in HEK293 cells, a line
stably transfected with a portion of the Ad5 E1 genomic region. In cotrans-
fected HEK293 cells, FLP recombinase is readily expressed and efficiently
catalyzes the site-directed recombination of the expression cassettes of
pDC516 into the left end of pBHGfrt(del)ET,3 FLP, thus generating the ge-
nome of the desired recombinant adenoviral vector, RAd-CavB 1a-YFP. The
newly generated RAd was rescued from HEK293 cell lysates, plaque puri-
fied, and then purified by ultracentrifugation in CsCl gradient and dialyzed.
Final virus stock was titrated by a serial dilution plaque assay. RAJ-GFP con-
trol was purchased from the UNC Vector Core Facility (University of North
Carolina at Chapel Hill, Chapel Hill, NC).

Histology and immunofluorescent staining

Animal housing and procedures were approved by the Animal Care and
Use Committee of Wake Forest Health Sciences. For timed embryo studies,
breeding pairs were placed together overnight and separated the follow-
ing morning. Pregnancy was confirmed by sustained weight gain over the
next 10 days. Genotypes were confirmed by PCR. Hindlimbs from E13.5
embryos (n = 3 per genotype) were removed from the whole body and
placed in disposable embedding molds containing cold PBS. Then, they were
cryopreserved by sucrose gradient (0.25 M sucrose in PBS for 1 h, 0.5 M
sucrose in PBS for 45 min, and finally 1.5 M sucrose in PBS for 30 min),
embedded in tissuefreezing medium (Triangle Biomedical Sciences, Inc.),
and frozen in dry ice—chilled isopentane. Tissue blocks were stored at
—80°C until sectioning (modified from Le Grand et al., 2004). For immuno-
fluorescent staining, cells and 12 pM transverse cryosections were fixed
with 4% PFA in PBS and permeabilized with 0.3% Triton X-100 in PBST
(0.05% Tween 20). Heat-induced epitope retrieval was performed in em-
bryo sections for Pax7 antigen using a steam pressure-based system (2100
Retriever; PickCell Laboratories) and a modified citrate buffer commercially
available (R-Buffer A; Electron Microscopy Sciences). Once the retrieval
cycle was completed, the slides were allowed to cool down inside the ma-
chine for at least 40 min. After antigen retrieval, slides were rinsed with PBST,
blocked in 5% goat serum for 1 h at room temperature, and incubated over-
night with primary antibodies at 4°C (see Table S2). Because both anti-Pax7
and anti-myogenin antibodies derived from a mouse host equivalent/analogous
slides were chosen for each hindlimb and staining was performed sepa-
rately for these antigens. Anti-Ki6é7 and nuclear staining (Hoechst) were in-
cluded in every case. Slides were mounted with fluorescent mounting medium
(Dako). Hematoxylin Gill no. 2 and Eosin Y (Sigma-Aldrich) solutions were
used for H&E staining, and slides were mounted with Cytoseal (Thermo
Fisher Scientific). LMB (LC Laboratories) was added to culture medium at
20 nM for 3 h before fixation or lysate collection. For the E13.5 embryo
immunostaining, one hindlimb of each subject was sectioned in order to
completely span the region between the future knee and ankle. The tibia
and fibula were used as reference to identify the tibialis anterior, extensor
digitorum longus, and peroneus brevis/longus developing muscles. A total
of three sections per hindlimb containing these three muscle bundles were
analyzed for every combination of antigens. Images were captured on a
microscope (IX81; Olympus) with an Orca TC? camera (Hamamatsu Pho-
tonics) at room temperature and analyzed using MetaMorph Basic software.
Obijective lenses used were: UPLFLN 10x 2PH; U PLAN FL 10x Phase OB,
NA 0.3; IPLSAPO 20x; U PLAN S-APO 20x, NA 0.75 (Olympus). Each bun-
dle perimeter was delimited based on discreet clusters of Pax7 or myogenin
staining and the area was calculated. The number of Pax7* and myogenin*
nuclei within was determined using MetaMorph. Co-labeling of Pax7 or myo-
genin and Kié7 was determined by additive image overlay in the same soft-
ware. All counting experiments were performed with the operator blind to
experimental conditions.

Cell death analysis and flow cytometry

Cells were isolated from hindlimbs of E12.5 embryos by enzymatic diges-
tion, pre-plated for 1 h on plastic, and stained for AnnexinV-FITC and 7AAD
for 15 min at room temperature. Flow cytometry was performed on a flow
cytometer (Accuri B6; BD).

Molecular cloning

Ca,B1,YFP truncation mutants were cloned by PCR using primer pairs con-
taining EcoR1 and Sall restriction enzyme digest sequences (listed in Table S1)
and inserted into the pEYFP_n1 vector (Takara Bio Inc.). Sequencing

confirmed all constructs (DNA Sequencing Laboratory, Wake Forest Uni-
versity Health Sciences [WFUHS]).

Fluorescence-activated cell sorting (FACS), primary cell culture,

and transfection

C2C12 (ATCC) myoblasts were maintained in Dulbecco’s modified essential
medium (DMEM) with 10% fetal bovine serum (FBS). FACS was performed
as described previously (Griffin et al., 2010) in a FACSAria (BD). Embryos
were harvested at E18.5 under sterile conditions. Skeletal muscle was dis-
sected from the limbs, minced, washed in ice-cold PBS, and incubated in a
collagenase type Il/dispase | solution for 1 h at 37°C. Cells were then fritu-
rated, passed through a 40-pm nylon mesh filter, washed, and labeled with
a7-integrin APC and CD31/CD45-FITC~conjugated antibodies in PBS with
1% FBS for 30 min at 4°C and washed twice before FACS. MPCs were cul-
tured on laminin (Invitrogen)coated dishes in Ham'’s F10 medium with 20%
FBS and basic FGF (5 ng/ml, Promega; Rando and Blau, 1994). Differentia-
tion was induced upon C2C12 myoblasts or MPCs reaching 90% conflu-
ence by placing cells in DMEM with 2% horse serum. Lipofectamine 2000
(Invitrogen) was used for transfection. 5 Ca,B1,specific shRNA sequences
from the RNAi Consortium (Open Biosystems) were individually tested in
C2C12 myoblasts selected with 3 ng/pl puromycin (Sigma-Aldrich). TRC
69052 showed the highest efficacy of Ca,B1, protein knockdown and
was used for further experiments. MISSION SHCOO2 nontargeting shRNA
(Sigma-Aldrich) was used as a control. Explant cultures were prepared from
E18.5 mice as described previously (Smith and Merrick, 2010). In brief,
hindlimb muscles were dissected and cut into roughly 1-mm?* cubes, which
were then placed in 96-well culture dishes with growth medium for 3 d.

Microarray

Total RNA was prepared from FACS-sorted primary Cacnbl +/+, +/—,
and —/— MPCs and hybridized to GeneChip Mouse Genome 430A 2.0
arrays (Affymetrix) according to manufacturer’s instructions at the WFUHS
Microarray Core Laboratory. CEL files were analyzed using Partek Genom-
ics Suite (Partek) and grouped info nine categories of expression based on
fold change between the three experimental groups. Functional annotation
was performed using DAVID v6.7 software using GOTERM_BP_2 (Huang
et al., 2009).

Luciferase assay

C2C12 myoblasts were infected with RAd Ca,B1.,-YFP or RAJ-GFP and 24 h
later transfected with pMyogHirefly luciferase (a gift from S. Tapscott, Fred
Hutchinson Cancer Research Center, Seattle, WA; Berkes et al., 2004) and
B-actin-Renilla luciferase. Cells were checked for equal density and viral
transfection and harvested 12 h later at confluence in GM, or after 48 h in
DM, and normalized firefly to Renilla luciferase activity was measured using
the Dual Luciferase Reporter Assay system (Promegal).

ChIP-on-chip and ChIP-PCR/qPCR

Chromatin was immunoprecipitated from subconfluent C2C12 myoblasts
using a Ca,B1, antibody (H-50; Santa Cruz Biotechnology, Inc.) or control
rabbit IgG (Santa Cruz Biotechnology, Inc.), hybridized to GeneChip mouse
promoter 1.0R arrays (Affymetrix) according to the manufacturer’s protocol.
For ChIP buffer recipes, see Table S3. In brief, 5 x 10" C2C12 myoblasts
were fixed in formaldehyde at a final concentration of 1% for 10 min,
quenched with 2.5 M glycine, washed with PBS, and collected with a rubber
cell scraper. The pellet was washed three times in lysis buffer, resuspended in
Pre-IP dilution buffer, and sonicated for 10 x 60 s on ice. Average chromatin
fragment size was confirmed on an agarose gel to be 200-1,000 bp before
proceeding. Chromatin was precleared with protein A-Sepharose beads,
then incubated overnight with antibodies at 4°C. The next day, chromatin
was incubated with protein A-Sepharose beads for 4 h at room temperature.
Beads were pelleted and washed with ChIP washes 1 and 2 (twice each for
5 min), ChIP wash 3, TE, and finally chromatin was eluted twice with elution
buffer at 65°C. Crosslinking was reversed by incubation with proteinase
K overnight at 65°C, and DNA purified using cDNA Cleanup Columns
(Affymetrix). DNA was randomly primed using Sequenase and primer A
(GTITCCCAGTCACGGTC(N)?; HPLC purified) and amplified using primer B
(GTTTCCCAGTCACGGTC) and Taq polymerase. Amplification of fragments
sized 200-2,000 bp was confirmed on an agarose gel. Samples were puri-
fied on a GeneChip Sample Cleanup Module (GE Healthcare). For ChiP-
on<hip, DNA was fragmented, labeled, and hybridized to mouse promoter
1.0R arrays (Affymetrix) according to the manufacturer’s protocol.

ChIP-PCR/qPCR
ChIP-PCR/qPCR was performed using an anti-GFP antibody (see Table S2)
for immunoprecipitation, following the same protocol used for ChIP-onchip.
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Primers were designed using NCBI Primer-BLAST. ChIP-PCR was performed
on a GeneAmp PCR System 3700 (Applied Biosystems) under the default
parameters for 35 cycles. ChIP-qgPCR was performed on a gqPCR system
(Mx3000P; Agilent Technologies), using the default parameters for 40 cycles.

EMSA

Nuclear protein extracts were prepared from Cos7 cells (Holden and Tacon,
2011), expressing either GFP or Ca,p1+-YFP, and incubated with infrared
dye-labeled oligos (see Table S1) for 30 min at room temperature, and an
additional 30 min with antisera or an equivalent volume of PBS. Samples
were run on 4-12% nondenaturing TBE gels.

ChIP-on-chip analysis

The average log2 (Ca,B1./IgG) intensity value of the two biological repli-
cates was computed for each probe position. Regions enriched for Ca,B14
relative to IgG were determined using CMARRT (Kuan et al., 2008) on the
average log2 (Ca,B1./1gG) at the FDR level of 0.05. Peak annotation, dis-
tance to TSS, and position to nearest gene were performed using ChIPpeak-
Anno (Zhu et al., 2010) and the Galaxy web platform (Blankenberg et al.,
2010; Goecks et al., 2010). Refseq ID conversion to gene names and func-
tional annotation were performed using DAVID v6.7 GOTERM_BP_ALL
(Huang et al., 2009). For distance to TSS and peak position relative to nearest
gene, peak coordinates were lifted over from mm8 to mm9 and then mapped
to either the nearest or overlapping genes using the prebuilt transcription
start sites annotation library for mouse genome TSS.mouse.NCBIM37. Peaks
(log2 Ca,B1./IgG intensity) were visualized in BedGraph format using the
UCSC Genome Browser (Kent et al., 2002; University of California Santa
Cruz, Santa Cruz, CA). Motif analysis was performed with MEME software
(Bailey et al., 2009) and TOMTOM (Gupta et al., 2007).

For peak position, peaks not overlapping with a gene were tied to the
nearest feature when generating the pie chart. “Overlap Start” and “Over-
lap End” correspond to peaks that overlap with gene transcription start and
end site, respectively. “Upstream” and “Downstream” correspond to peaks
that are upstream of gene transcription start site and downstream of gene
transcription end site, respectively. “Inside” corresponds to peaks that are within
gene region. “Inside” corresponds to peaks that cover the entire gene (espe-
cially for very short genes).

Data analysis

Data are presented as means + SEM. Data were analyzed using SigmaPlot
v11.0 with Student’s t test or one-way ANOVA repeated measures, with
Holm-Sidak test applied post hoc when appropriate. An a-value of P < 0.05
was considered significant.

Online supplemental material

Fig. S1 shows representative images of all Ca,B1,-YFP mutants with and
without LMB treatment. Fig. S2 shows the effect of shRNA-mediated knock-
down of Ca,B1, in myoblast expansion in vitro. Fig. S3 shows the analysis
of cell death in Ca,B1, knockdown and Cacnb 17/~ cells. Fig. S4 shows iso-
lation strategy of muscle precursor cells from E18.5 embryos using FACS.
Fig. S5 shows the screening for Ca,B1,binding partners at the Myog
promoter using Co-immunoprecipitation and fluorescent colocalization.
Table ST lists the primers used throughout the paper for various functions
(RT-PCR, cloning, shRNA, etc.). Table S2 lists the antibodies used throughout
the paper for various experiments (Western blot, immunocytochemistry,
immunohistochemistry, ChIP). Supplier, clone, antigen, host, and dilutions
are included. Table S3 lists the buffers used in ChIP. Table S4 is a complete
list of genes with promoter regions found to be enriched for Ca,B1, bind-
ing, and is related to Fig. 6 of the main text. Table S5 is a complete list of
genes found to be differentially regulated by microarray analysis, between
our three experimental groups. Genes are subdivided into the nine differ-
ent patterns shown in Fig. S3. Table S5 is related to Fig. 7 of the main
text. Table S6 displays a list of genes with promoter regions found to be
ChlIP enriched for Ca,B1, binding and also showing differential regulation
in expression by microarray analysis; subdivided into ChlP-enriched genes
that are up-regulated in Cacnb 1™/~ (lefthand column) and ChiP-enriched
genes that are down-regulated in Cacnb 17/~ (right hand column). Online
supplemental material is available at http:// www.jcb.org/cgi/content/
full /jcb.201403021/DCT1.
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