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ABSTRACT

Alternative splicing contributes to muscle development, but a complete set of muscle-splicing factors and their combinatorial
interactions are unknown. Previous work identified ACUAA (“STAR” motif) as an enriched intron sequence near muscle-
specific alternative exons such as Capzb exon 9. Mass spectrometry of myoblast proteins selected by the Capzb exon 9 intron
via RNA affinity chromatography identifies Quaking (QK), a protein known to regulate mRNA function through ACUAA motifs
in 3′ UTRs. We find that QK promotes inclusion of Capzb exon 9 in opposition to repression by polypyrimidine tract-binding
protein (PTB). QK depletion alters inclusion of 406 cassette exons whose adjacent intron sequences are also enriched in
ACUAA motifs. During differentiation of myoblasts to myotubes, QK levels increase two- to threefold, suggesting a mechanism
for QK-responsive exon regulation. Combined analysis of the PTB- and QK-splicing regulatory networks during myogenesis
suggests that 39% of regulated exons are under the control of one or both of these splicing factors. This work provides the
first evidence that QK is a global regulator of splicing during muscle development in vertebrates and shows how overlapping
splicing regulatory networks contribute to gene expression programs during differentiation.
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INTRODUCTION

Alternative pre-mRNA splicing is regulated to control both
the quantity and the coding potential of mRNAs from a
gene.Quantity ofmRNAcanbe controlled by regulating splic-
ing that creates mRNA forms with premature stop codons,
turning genes off by the nonsense-mediated decay pathway
(Lewis et al. 2003; Lejeune and Maquat 2005; Ni et al. 2007).
Coding potential can be controlled by regulating alternative
exons to produce mRNAs for distinct proteins from the
same gene, expanding the proteome in metazoans (Black
2003;Nilsen andGraveley 2010). Understanding the potential
for alternative splicing to regulate important processes is only
the first step toward an integrated viewof how it is coordinated
in complex systems (Kalsotra and Cooper 2011). There is a
long but incomplete list of splicing factors, each with a com-
plex set of cooperative and antagonistic relationshipswithoth-
er splicing factors that seem distinct at different regulatory
sites and indifferent tissues. Several splicing factors act atother
steps in gene expression, for example, binding to mRNA-un-
translated regions to affect nuclear export, localization, sta-
bility, and translation (e.g., Sanford et al. 2005). Conversely,

manyRNA-binding proteins not characterized as splicing fac-
tors might yet be shown to regulate splicing.
Muscle cells have evolved alternative splicing for making

specialized forms of cytoskeletal and mitochondrial proteins
necessary for building, energizing, and controlling the con-
tractile apparatus, such as the α-actinin SM exon, α-tropomy-
osin exon 2, and cardiac troponin T exon 5 (Gooding et al.
1998; Southby et al. 1999; Charlet-B et al. 2002). Inclusion
of α-tropomyosin exon 2 is regulated in part by the antago-
nistic action of SFRS7 with hnRNPs H and F (Crawford
and Patton 2006). Similarly, antagonism between PTB,
CUG-BP1, MBNL1, and the CELF proteins regulates α-acti-
nin splicing (Gromak et al. 2003). Cardiac troponin T is reg-
ulated by the opposing actions of CUG-BP2 and MBNL1
(Goo and Cooper 2009; Warf et al. 2009). A variety of other
alternative splicing factors are expressed in muscle cells (e.g.,
MBNL2, RBFOX1, RBFOX2). Thus far, none of the proteins
known to function as splicing factors in vertebrate muscle
recognize the ACUAA motif that we identified near mouse
heart and skeletal muscle-specific exons (Sugnet et al. 2006).
A role in splicing regulation is suspected for sequences relat-

ed to the ACUAA motif since they appear enriched down-
stream from muscle exons (Sugnet et al. 2006; Das et al.
2007), downstream fromalternatively spliced exons in general
(Voelker and Berglund 2007), and upstream of exons that are
spliced inhESCs but not other ES cell types (Yeo et al. 2007), as
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well as near exons activated during differentiation of C2C12
myoblasts to myotubes in vitro (Bland et al. 2010). This se-
quence has been called the “STAR” motif because it is con-
tained within a more general binding site consensus for
members of the mammalian STAR (Signal Transduction
and Activation of RNA) family of proteins (Vernet and Artzt
1997).Despite its bioinformatic identification, direct evidence
for its function and the identity of protein factors that might
act through it are not available.

We investigated the role of the ACUAA motif in C2C12
myoblasts by searching for proteins that bind a natural intron
RNA region containing it. This effort identified the RNA-
binding protein QK as a muscle-splicing factor acting directly
throughACUAAmotifs near the exons that it controls. Unlike
in oligodendrocytes, where QK affects splicing by controlling
the expression of the direct splicing regulator hnRNPA1
through its mRNA 3′ UTR (Zhao et al. 2010; Zearfoss et al.
2011), QK acts both positively and negatively as a direct splic-
ing regulator through intronic splicing enhancers and silenc-
ers in muscle precursor cells. The changes in alternative
splicing at QK-regulated exons during myogenesis are likely
due to an increase in QK expression. Levels of the splicing fac-
tor PTB are reduced during myogenesis (Boutz et al. 2007a),
and its regulatory network overlaps that of QK, such that the
net regulationof a subset ofQK-dependent exons is further re-
fined by relief of PTB repression during myogenesis.

RESULTS

Capzb exon 9 is a muscle-activated exon with conserved
ACUAA motifs downstream

To study the role of ACUAAmotifs in splicing, we chose exon
9 from the Capzb gene as a model. Capzb encodes an actin fil-
ament capping protein; its C terminus is altered by alternative
inclusion of exon 9 in heart and skeletal muscle (Schafer et al.
1994).Capzb exon 9was identified as amuscle- andheart-spe-
cific exon with adjacent ACUAA elements in our study on
splicing in adult tissues (Sugnet et al. 2006). We confirmed
the activation of Capzb exon 9 during differentiation of
C2C12 myoblasts (Fig. 1A; Bland et al. 2010) by RT-PCR
(Fig. 1B). Alignment of sequences downstream from the
Capzb exon frommouse and other vertebrates reveals conser-
vation of multiple copies of the ACUAA element (Fig. 1C).

ACUAA motifs are required for exon inclusion

To determine whether the ACUAA elements downstream
from Capzb exon 9 contribute to proper splicing of this
exon, we used a β-globin reporter system (Dominski and
Kole 1991), insertingCapzb exon 9 along with adjacent intron
sequences ∼200 nucleotides upstream and ∼250 nucleotides
downstream, between human β-globin exons (Fig. 2A). A se-
ries of mutations focusing on the conserved region from 32 to
72 nucleotides downstream fromCapzb exon 9 containing the

ACUAA motifs was tested by transfection into proliferating
C2C12 myoblasts, followed by RT-PCR (Fig. 2B). The wild-
type reporter includes the Capzb exon at ∼8% in myoblasts
(Fig. 2B, lane 3). Deletion of the conserved region (D1), re-
placing the conserved region with a nonspecific sequence
(R1), or deleting just the ACUAA elements (M-Czb) results
in loss of exon inclusion (Fig. 2B, lanes 4–6). These data indi-
cate that theACUAAmotifs downstream fromtheCapzb exon
are required for its proper inclusion inmyoblasts, as suggested
by their enrichment near a large class of regulated exons
(Sugnet et al. 2006; Das et al. 2007).

Quaking and SF1 bind specifically to RNA containing
ACUAA motifs

To identify proteins that bind ACUAA containing RNA, we
used RNA affinity chromatography, followed bymultidimen-
sional protein identification technology (MudPIT) (Wash-
burn et al. 2001). RNAs containing either the wild-type
Capzb sequence from 32 to 72 nucleotides downstream
from exon 9 (Fig. 3A, WT) or with mutated ACUAA motifs
(Fig. 3A, M) were coupled to agarose beads and incubated
with myoblast nuclear extracts. Proteins bound at low salt
were released with increasing salt concentrations (Fig. 3B),
and the WT and M fractions were compared on a silver-
stained gel. The pattern of proteins eluted remains complex;
however, specific proteins can be seen in the WT- but not
the M-RNA-binding fractions (Fig. 3B, arrow). We chose to
analyze the 0.4 M NaCl eluted fraction (Fig. 3B, asterisk) by
MudPIT (Yates et al. 2009).

FIGURE 1. Capzb exon 9 is activated during myogenesis and has
intronic ACUAA elements. (A) Phase contrast photographs of prolifer-
ating C2C12 or cells treated with low serum for 72 h to induce myogen-
esis. Multinucleate myotubes are indicated by arrowheads. (B) RT-PCR
measurement of changes in Capzb exon 9 inclusion during differentia-
tion using primers in exons 8 and 10 of the endogenous Capzb gene.
Exon 9 inclusion increases during differentiation. (C) Alignment of
intronic sequences downstream from the 5′ splice site bordering
Capzb exon 9 from several vertebrates. The ACUAA elements are shaded
and marked with asterisks.
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We expected a complex set of proteins to bind to RNA un-
der these conditions; indeed, numerous cytoskeletal proteins,
ribosomal proteins, and DNA-binding proteins are found in
both fractions (data not shown). To examine the relative as-
sociation of RNA processing factors with the WT- and M-
RNAs, we considered five classes of proteins: splicing factors,
hnRNP proteins, spliceosomal snRNP proteins, DEAD/H
RNA helicase family proteins, and other processing enzymes
(Table 1; Supplemental Table 1). Among proteins detected
in the WT-RNA fraction, but absent from the M-RNA
fraction, are the known ACUAA-binding factors QK (Ryder
and Williamson 2004; Galarneau and Richard 2005) and
Splicing Factor 1 (SF1) (Arning et al. 1996; Liu et al. 2001;
Corioni et al. 2011). The peptides observed for the QK pro-
tein do not distinguish which of the three major QK isoforms
(QK-5, QK-6, and QK-7) are bound, since these forms differ
only in their C-terminal tails (Ebersole et al. 1996; Chénard
and Richard 2008).
We validated several proteins from the MudPIT analysis

by Western blot using fractions from the WT- and M-RNA
columns. QK and SF1 were well retained by the WT- but
not the M-RNA affinity matrix (Fig. 3C). Thus, it appears

that QK, SF1, and several other proteins depend on the in-
tact ACUAA elements for their efficient association with
the WT-RNA. Whether these bind directly to RNA or in-
directly to other proteins bound to RNA is not known.
hnRNP K and Ddx5 were retained by both of the matrices,
although it appears the M-RNA matrix bound less protein
overall. Furthermore, the known splicing regulator PTB is
bound by the Capzb RNA sequence but is not strongly
dependent on the ACUAA sequences (Fig. 3C). We conclude
that QK, SF1, PTB, as well as other proteins, bind pre-mRNA
sequences downstream from Capzb exon 9 and are candi-
dates for factors that regulate its splicing.

Depletion of QK, but not SF1, inhibits Capzb
exon 9 inclusion in myoblasts

To test the hypothesis that QK activatesCapzb exon 9 we used
siRNA against QK (all isoforms) to deplete the protein in
myoblasts. AWestern blot using the pan-QK antibody shows
substantial reduction in QK protein (Supplemental Fig. 1A),
and RT-PCR analysis of the endogenousCapzb transcripts re-
veals that inclusion of exon 9 is greatly inhibited (Fig. 4A, lane
3). In contrast, when we use siRNA to deplete SF1 in myo-
blasts, endogenous Capzb exon inclusion is unaffected (Fig.
4A, lane 4; Supplemental Fig. 1A), suggesting that SF1 does
not activate exon inclusion through downstream ACUAA se-
quences. Thus, QK, not SF1, is the ACUAA-binding protein
that contributes to Capzb exon 9 inclusion in myoblasts.

Quaking isoform 5 activates Capzb exon 9
through the ACUAA motif

Given that reduction in QK protein levels decreases Capzb
exon 9 inclusion, we asked whether increasing QK protein
levels would promote inclusion. We focused on Quaking iso-
form 5 (QK-5) because it is predominantly nuclear, whereas
isoforms 6 and 7 (QK-6, QK-7) aremostly cytoplasmic in cell
types that have been tested (Chen and Richard 1998;Wu et al.
1999). We transfected a myc-tagged QK-5 construct (gener-
ous gift from Sean Ryder) along with wild-type and mutant
Capzb reporter into myobloasts (Fig. 4B). Expression of
myc-QK-5 results in a nearly eightfold increase in exon 9 in-
clusion (Fig. 4B, cf. lanes 4 and 5, P < 0.001, n = 4), while the
M-Czb reporter lacking the three ACUAA motifs was not af-
fected (lanes 6 and 7, see Fig. 2 for a description of theM-Czb
mutant). Thus, increased expression of QK-5 activates inclu-
sion of Capzb exon 9 in a fashion dependent on the down-
stream intronic ACUAA sequences.

Repression of PTB enhances QK activation
of Capzb exon 9 inclusion

RNA affinity chromatography detects PTB binding to the
intronic sequence downstream from Capzb exon 9 (Fig. 3).
PTB represses exons in C2C12 myoblasts (Boutz et al.
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FIGURE 2. Splicing reporters based on Capzb exon 9. (A) Cartoon of
Capzb gene structure from exons 7 through 10. The region marked by
the black bar below the endogenous gene was amplified by PCR and
cloned into pDUP51 to create the reporter construct shown. The se-
quence below the reporter diagram represents the downstream intronic
region containing the ACUAA elements (boxed). Mutations tested are
(D1) deletion of the conserved region; (R1) replacement of the conserved
region with a nonspecific sequence; (M-Czb) deletion of the ACUAA el-
ements. (B) RNA isolated from proliferating C2C12 cells transiently
transfected with the constructs in A were analyzed by RT-PCR using
primers specific for the flanking β-globin exons; spliced products are in-
dicated to the right of the gel. Exon percent inclusion for each lane is
graphed, far right. Mock-transfected and globin-only controls are shown
(M, Gl, lanes 1,2); the band in the Gl lane is nonspecific.
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2007a), and PTB repression can be mediated through down-
stream sites in combination with upstream binding sites
(Chan and Black 1997; Southby et al. 1999). To test whether
Capzb exon 9 is under the control of PTB, we depleted PTB
frommyoblasts with or without concomitant overexpression
of QK-5 (Fig. 4C,D). After confirming the effects on protein
levels by Western blot (Fig. 4C, lanes 4–7), we analyzed splic-
ing of the Capzb exon 9 reporter construct by RT-PCR (Fig.
4D, lanes 4–7). When PTB expression is reduced, inclusion
levels increase approximately fourfold (Fig. 4D, cf. lanes 4
and 5, P < 0.0001, n = 4). As discussed above, increased
QK-5 expression activates the Capzb exon 9 reporter on its
own (Fig. 4D, cf. lanes 4 and 6). However, in combination
with reduced PTB expression, increased QK-5 expression
leads to greater exon inclusion (Fig. 4D, cf. lanes 3 and 7,
P < 0.002, n = 4). Similar results are obtained for the endog-
enous Capzb exon 9 (Supplemental Fig. 1B). This shows that
PTB represses Capzb exon 9 antagonistically to QK. A model
describing these relationships is shown in Figure 4E.

QK depletion in myoblasts results in widespread
alternative splicing changes

To determine the extent of QK function in splicing, we de-
pleted QK in proliferating C2C12 cells and captured changes
in alternative splicing using splicing-sensitive microarrays.

Western blots revealed that levels of all
three isoforms are reduced by aQK-spe-
cific siRNAdirected at a common region
of their mRNAs (Fig. 5A). We detected
406 cassette exons whose inclusion
changes in QK-depleted myoblasts as
compared with the mock-depleted con-
trols (q≤ 0.05 and |Sepscore|≥ 0.3;
Supplemental Table 2). We validated a
number of these by RT-PCR (Fig. 5B).
Among the 162 exons with themost sig-
nificant changes (q = 0, |Sepscore|≥
0.5), about half showadecrease in inclu-
sion uponQK depletion, indicating that
QK promotes their inclusion in myo-
blasts. In contrast, half show an increase
in exon inclusion, indicating that QK
represses them. We conclude that QK
has a major role in regulating splicing
in muscle cells.

Enrichment of intronic ACUAA
sequences near QK-regulated
exons

If QK functions in muscle cells like oth-
er globally active splicing factors such as
the MBNL (Du et al. 2010; Charizanis
et al. 2012; Wang et al. 2012), RBFOX

(Zhang et al. 2008; Yeo et al. 2009), PTB (Xue et al. 2009),
and Nova proteins (Ule et al. 2006), we would expect to
find QK-binding sites near the exons it controls. We searched
for 5-mers enriched in the regions 150 nucleotides upstream
of and downstream from the top 162 QK-regulated exons rel-
ative to the corresponding regions of 5166 cassette exons with
probesets on the microarray. Significant (FDR≤ 0.05) en-
richment for CUAAC and ACUAA (and no other 5-mers)
is found upstream of exons repressed by QK and down-
stream from exons activated by QK (Supplemental Table
3). We mapped the positional occurrence of the ACUAA 5-
mer across the entire set of QK-regulated exons relative to
cassette exons whose splicing did not change upon QK deple-
tion (Fig. 5C; Supplemental Table 3). In general, when QK
binds upstream of an exon it acts as a repressor, and when
bound downstream, it acts as an activator (Fig. 5C). This is
comparable to other splicing factors that bind intron se-
quences, such as Nova, MBNL1, and others (Ule et al.
2006; Zhang et al. 2008; Xue et al. 2009; Yeo et al. 2009;
Du et al. 2010; Charizanis et al. 2012; Wang et al. 2012).
The distribution of ACUAA both upstream at QK silencers
and downstream at QK enhancers is notably bimodal. This
is likely due to the fact that QK is a dimer with a bipartit-
binding site (Zorn and Krieg 1997; Chen and Richard
1998; Galarneau and Richard 2005; Carmel et al. 2010;
Beuck et al. 2012).

FIGURE 3. Identification of ACUAA-binding proteins in proliferating C2C12 cells. (A)
Sequences of in vitro-transcribed RNAs used. ACUAA motifs or mutant versions are italicized.
(B) Silver-stained denaturing gel of proteins bound to the wild-type (WT) or mutant (M)
RNAs. Lanes are as follows: NE, nuclear extract; FT, flow through; triangles indicate increasing
NaCl elution (0.1, 0.2, 0.4, and 1 M). Arrow points to enriched proteins visible in the WT-
but not the M-RNA-binding fractions. Asterisks mark fractions subjected to MudPIT analysis.
(C) Western blot of hnRNP K, QK, Ddx5, SF1, and PTB in the eluted fractions. Lanes correlate
with those in B.
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The PTB and QK splicing regulatory networks
overlap in myoblasts

Capzb exon 9 inclusion is controlled in myoblasts by a bal-
ance between QK activation and PTB repression and is
induced during myoblast differentiation to myotubes. In
addition, PTB down-regulation and several PTB-regulated
splicing changes take place during myoblast differentiation
(Boutz et al. 2007a). To explore the extent of PTB-splicing
regulation in myoblasts, we used splicing-sensitive micro-
arrays to analyze splicing changes after PTB depletion by
siRNA (Supplemental Fig. 2A). Depletion of PTB results in
splicing changes for 485 cassette exons (q = 0, |Sepscore|≥
0.5; Supplemental Table 4), of which 268 show increased in-
clusion (repressed by PTB), and 217 show decreased inclu-
sion (activated by PTB). A number of 5-mers including
UCUCU are significantly enriched in regions upstream of
PTB repressed exons (FDR < 0.01; Supplemental Table 5),
and amap of the UCUCU frequency over the intronic regions
adjacent to PTB repressed exons shows a broad region from
∼100 nucleotides upstream and up to the 3′ splice site where
this signal is located (Supplemental Fig. 2B; Supplemental
Table 5). Our results for myoblasts are similar to analyses
of PTB in other cell types and tissues (Boutz et al. 2007b;
Xue et al. 2009; Llorian et al. 2010).
When we intersect the QK-splicing network with the

PTB-splicing network (Supplemental Table 6), we find 172
exons whose inclusion is significantly affected (q≤ 0.05,
|Sepscore|≥ 0.3) by either QK or PTB depletion, including
Capzb exon 9. As expected (Fig. 4), Capzb exon 9 is activated
by QK and repressed by PTB. The 172 jointly regulated exons
represent 42% of the 406 QK-regulated events, but only 17%
of the 1012 PTB-regulated events, indicating that while the
PTB network detected in this experiment is more than twice
as large as theQKnetwork, QK regulation ismore strongly in-

fluenced by PTB than the other way around. Interestingly,
these exons sort out about equally into the four regulatory
classes that could be created by the combination of QK and
PTB (40 exons are activated by both, 40 are repressed by
both, 48 are activated by QK and repressed by PTB, 44 are re-
pressed by QK and activated by PTB). Thus, Capzb is not
unique; there are substantial numbers of exons controlled
by QK and PTB in all possible combinatorial classes.

Contributions of QK and PTB to alternative splicing
during myoblast differentiation

The analysis above details QK- and PTB-controlled splicing
events inmyoblasts. To assess their roles in alternative splicing
during muscle cell differentiation, we asked which exons un-
derQKandPTBcontrol inmyoblasts are also regulatedduring
myogenesis. Regulation of PTB levels has been implicated in
controlling several alternative splicing events in myogenesis
(Boutz et al. 2007a).Wecompared splicing inRNA frommyo-
blasts to that from 72-h differentiated myotubes using the
same array platform as for the depletion experiments and de-
tected many robust splicing changes, as also reported by
groups using other platforms (Bland et al. 2010; Trapnell
et al. 2010). Data for cassette exons showing changes in inclu-
sion inmyoblasts depleted of either QK or PTB or after differ-
entiation into myotubes are shown in Supplemental Table 6.
We followed changes in QK protein expression during

myogenesis by Western blot using the pan-QK antibody on
proteins from undifferentiated myoblasts and 72 h myotube
cultures (Fig. 6A). The upper band represents both QK-5
and QK-7, while the lower band represents QK-6. Relative
toGAPDH,QK levels increase two- to threefold during differ-
entiation. This increase might be expected to influence inclu-
sion of the many exons controlled by QK in myoblasts in the

TABLE 1. Detection of RNA processing factors in WT- and M-RNA affinity chromatography fractions

Group Only WT RNA Both Only M RNA

Splicing factors SF1, KHDRBS1, PTBP2, TIAL1 PTBP1, SFPQ, SFRS1, SFRS2, SFRS3, SRRM2,
U2AF2

CELF2, MBNL1

KHSRP, SFRS6
HnRNP proteins HNRNPDL HNRNPK, HNRNPA1, HNRNPA2B1, HNRNPA3,

HNRNPH1, HNRNPH2, PCBP1, PCBP2
HNRNPC

HNRNPA0, HNRNPAB, HNRNPD, HNRNPF,
HNRNPL, HNRNPL1, HNRNPM, HNRNPR,
HNRNPU

SnRNP and
spliceosomal
proteins

SNRPB, SNRPC, SNRPD3, SNRPE SNRPD2, SNRNP70, SNRPA1
PRPF6, PRPF8, SF3A1, SF3B1, SF3B2, SF3B3,

SNRNP200
DEAD/H proteins DDX3Y, DDX18 DDX5, DDX17, DDX21 DDX6, DDX46,

DDX58DDX1, DDX4, DHX9, DHX15, DDX23
Other QK, CSTF2 ADARB1, CPSF6, CSDE1, DEK, PARP1, PSPC1,

RBMS1, RBMS2, SERBP1, STAU1
KHDRBS3,
RBM39, SSBADAR, CPSF7, ELAVL1, EWSR1, EXOSC9,

IGF2BP2, IGF2BP3, PABPC2, SART1

Bold indicates that peptides covering >10% of the coding region were detected. Underlined proteins were validated by Western blot (see Fig. 3).
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opposite direction as observed in QK-depleted myoblasts.
Conversely, since PTB is down-regulated during myogenesis
(Fig. 6A; Boutz et al. 2007a), the splicing of exons controlled
by PTB in myoblasts may change in the same direction as
observed in PTB-depleted myoblasts. For exons where QK

and PTB appear to act similarly, exon
inclusion may not change, as the in-
crease in QK might offset the loss of
PTB. Finally, the behavior of some ex-
ons may be influenced by other fac-
tors in addition to QK or PTB during
differentiation.
We classified exons with respect to

their dependence on these two splicing
factors in myoblasts and their changes
during muscle cell differentiation by
clustering the Sepscores of exons whose
inclusion changed in at least two of
the three comparisons (Fig. 6B; Supple-
mental Table 7). Several expected class-
es are visible. For example, a subset of
the exons activated by QK (decreased
inclusion after depletion, blue), but
not significantly affected by PTB (black)
in myoblasts, is also activated during
myotube differentiation (yellow), in
part due to increasing QK protein (Fig.
6B, purple circle). A large group of
exons is not significantly controlled by
QK, but repressed by PTB in myoblasts
(increased after depletion, yellow) and
activated during differentiation (yel-
low), likely in part by the decrease in
PTB protein (Fig. 6B, green circle;
Boutz et al. 2007a). Other expected
classes such as would be generated by
increased QK repression or loss of PTB
activation during differentiation can al-
so be observed (Fig. 6B, white and blue
circles). The combined regulatory effect
of both factors explains another set of
events (e.g., Fig. 6B, yellow circle). In
total, 22% of the splicing changes ob-
served during myoblast differentiation
occur in exons controlled by QK or
PTB and are consistent with the changes
in QK and PTB protein levels dur-
ing differentiation. The observed 72-h
splicing changes of another 17% of ex-
ons that are also regulated by QK or
PTB in myoblasts cannot be explained
by the simple expectation that the in-
crease in QK and the reduction in PTB
relative to the myoblast state will pre-
dict the differentiated cell state; these

exons may be influenced by other splicing factors also ex-
pressed in C2C12 cells such as RBFOX and MBNL family
members.
To identify exons whose inclusion during differentiation is

likely altered by changes in activity of both QK and PTB, we

FIGURE 4. QK and PTB control inclusion of Capzb exon 9. (A) Analysis of RT-PCR products
from C2C12 cells mock-transfected (M) or transiently transfected with a nonspecific siRNA
(NS si), a QK-specific siRNA (QK si), or an SF1-specific siRNA (SF1 si). Spliced products corre-
sponding to exon 9-included or excluded endogenous CapzbmRNAs are indicated to the right of
the gel. Percent inclusion was quantified and graphed, far right. (B) Overexpression of QK leads to
Capzb exon 9 inclusion provided ACUAA elements are intact. Proliferating C2C12 cells were
mock transfected (M) or transiently cotransfected with a QK-5 expression construct (myc-
QK-5) or a control GFP expression construct (GFP), along with either the wild-type Capzb re-
porter (Czb) or the mutant reporter with deletion of the ACUAA elements (M-Czb) from
Figure 2. A globin-only control is also shown (Gl, lanes 2,3); the band in the Gl lanes is a non-
specific RT-PCR product. Inclusion of the WT Capzb exon increased with expression of QK
by approximately fivefold (cf. lanes 4 and 5, P < 0.001, n = 4). Spliced products are indicated
and percent inclusion is graphed, far right. QK depletion significantly reduces exon inclusion (as-
terisk, P < 0.05, cf. lanes 2 and 3). (C) Western blot of whole-cell extract from cells mock-trans-
fected (lane 1) or transiently cotransfected with the Capzb reporter and either a GFP expression
construct (GFP), a QK-5 expression construct (myc-QK-5), a nonspecific siRNA (NS siRNA), or
a PTB-specific siRNA (PTB siRNA) as indicated at top. Blots were probed with antibodies to GFP,
pan-QK, PTB, and GAPDH as a loading control (as indicated to the left of the blots). (D) Analysis
of RT-PCR products from RNA isolated from cells transfected in C. Spliced products are indicat-
ed to the right of the gel. Percent inclusion was quantified and graphed, far right. (∗) P < 0.002. (E)
Model for regulation of Capzb exon 9 by QK and PTB. QK activates inclusion through intronic
ACUAA elements downstream, and PTB represses inclusion, possibly through sequences similar
to PTB-binding sites upstream and/or through binding downstream, as detected by RNA affinity
chromatography (Fig. 3).
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made a three-dimensional plot of Sepscores for the 66 exons
whose splicing changed in all three experiments (Fig. 6C;
Supplemental Table 8), allowing the diversity of exon re-
sponses to be visualized. There are 10 exons (blue spheres)
whose inclusion decreases upon QK depletion and increases
upon PTB depletion, which are activated during differentia-
tion, including Capzb exon 9 (Capzb_(113)). The behavior of
these exons are consonant with the changes in protein level
observed during differentiation or depletion in undifferenti-
ated cells. As with the clustering (Fig. 6B; same exons are
marked by asterisks), we observe many combinations of
splicing changes within the three experimental conditions,
many of which are not consonant with the changes in protein
level during differentiation. For example, the Slain2_(78)
exon (colored in green) is repressed by QK (exon inclusion
increases upon QK depletion) and activated by PTB (exon in-
clusion decreases upon PTB depletion), but is activated dur-
ing differentiation. Thus the robust activation of Slain2_(78)
must be due to other factors that overcome strong repression
due to increasing levels of QK and loss of activation with de-

creasing levels of PTB. This highlights the incomplete nature
of our understanding of splicing regulation during muscle
cell differentiation and underscores its complexity. Nonethe-
less, in this more select set of exons, we again observe that the
differentiation behavior of a large number of exons (29%)
can be explained by changes in QK and PTB protein levels
during differentiation (Fig. 6C; Supplemental Table 8).

DISCUSSION

In a previous study we used genome-wide splicing data from
mouse tissues to identify motifs associated with heart and
skeletal muscle-specific exons, revealing an RNA sequence
motif ACUAA similar to those recognized by SF1 and the
STAR family of RNA-binding proteins (Sugnet et al. 2006).
We have now shown that this motif mediates splicing regula-
tory control through QK, in particular the nuclear isoform 5
(QK-5). At Capzb exon 9 the conserved downstream ACUAA
elements are required for exon inclusion, bind QK in a fash-
ion dependent on ACUAA, and mediate QK-5 activation
(Figs. 2–4; Supplemental Fig. 1). Furthermore, QK regulates
hundreds of splicing events in muscle cells, as a repressor or
an activator, depending on the location of nearby ACUAA
motifs (Fig. 5; Supplemental Tables 3, 4). We found that
QK protein levels change during differentiation of myoblasts
tomyotubes (Fig. 6), suggesting amechanism for a part of the
alternative splicing program during myotube differentiation.
Finally, we intersected the QK splicing regulatory network
with that of PTB, a splicing factor that is down-regulated dur-
ing myogenesis (Boutz et al. 2007a), and found classes of ex-
ons controlled by both proteins (Fig. 6). This work identifies
QK as a global splicing factor in muscle cells and reveals that
QK plays a larger role beyond its known activity as a transla-
tional regulator binding to 3′ UTRs.

QK RNA-binding proteins are ancient regulators
of fundamental processes

Mouse Quaking was originally identified as a recessive muta-
tion causing a jittery phenotype attributed to dysmyelination
in the central nervous system (Sidman et al. 1964). Quaking
has been implicated in a striking variety of processes in the
mouse, such as embryogenesis, blood vessel development,
glial cell fate determination, apoptosis, and smooth muscle
development, while the human homolog, QKI, has been im-
plicated in a number of diseases, including ataxia, glioblasto-
ma development, and schizophrenia (Chénard and Richard
2008). QK homologs are expressed in genomes as divergent
as sea urchin and are critically involved in fundamental
cell and developmental processes in deeply diverged metazo-
ans from C. elegans (gld-1, asd-2) (Francis et al. 1995; Ohno
et al. 2008) to Drosophila (how) (Baehrecke 1997; Fyrberg et
al. 1997; Zaffran et al. 1997) and zebrafish (qkA) (Tanaka
et al. 1997; Lobbardi et al. 2011). In vertebrates, a larger fam-
ily of proteins related to QK also exists, including SAM68 and

FIGURE 5. The QK-splicing regulatory network in proliferating myo-
blasts. (A) QK siRNA depletes all three forms of QK in myoblasts.
Western blot of proteins from proliferating C2C12 cells mock-transfect-
ed (M) or transfected with a QK-specific siRNA (QK). Blots were
probed with antibodies to pan-QK, QK-5, QK-6, QK-7, and GAPDH
as a loading control. (B) RT-PCR validation of splicing changes detected
by array analysis. Agarose gel analysis of RT-PCR products for alterna-
tive cassette exons using RNA from mock-transfected or QK-depleted
cells. Exon-included product is always the upper band, exon-skipped
product always the lower. The splicing event is labeled by gene name
and exon number and size (nucleotides, in parenthesis). (C) The fre-
quency of ACUAA elements upstream of (left) and downstream from
(right) the top 162 QK-regulated cassette exons is mapped. Exons up-
regulated by QK depletion are in blue and inferred to be repressed by
QK; down-regulated exons are in red and inferred to be activated by
QK. Control exons are in gray. Error bars indicate the 95% confidence
limit for ACUAA frequency in the control exons.
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the less-studied SLM-1 and SLM-2 (Lock et al. 1996; Di
Fruscio et al. 1999). Together, this evolutionary depth and
breadth of functional contribution implies that QK and its
relatives have been integrated into the post-transcriptional
regulatory structure of eukaryotic cells for hundreds of mil-
lions of years. Here we show that in addition to its previous-
ly demonstrated role in translational control, that QK is a
global regulator of splicing in vertebrate muscle cells during
differentiation.

QK is a splicing factor that directly activates
Capzb exon 9

The identifying feature of this ancient STARprotein family is a
dimeric RNA-binding domain that recognizes bipartite se-
quences of the form AYUAAY..N2-20..UAAY (Zorn and
Krieg 1997; Chen and Richard 1998; Galarneau and Richard
2005; Carmel et al. 2010; Beuck et al. 2012). Sequence ele-

ments related to the ACUAA motif are
found in many contexts, bound by dif-
ferent proteins, making it difficult to
predict the binding partner of the
ACUAA motif observed bioinformati-
cally (Sugnet et al. 2006; Das et al.
2007; Bland et al. 2010). For example,
the branchpoint sequence URAY (in
yeast, UACUAAC), found near exons
and utilized in constitutive splicing dur-
ing the first catalytic step, is bound by
SF1 (in yeast, BBP1) to recruit the splic-
ing machinery to the intron (Kramer
1992; Liu et al. 2001). The response ele-
ment for QK and its C. elegans homolog
GLD-1 (Ryder and Williamson 2004;
Ryder et al. 2004) has been found in 3′

UTRs, where it regulates mRNA sta-
bility, localization, and translation
(Saccomanno et al. 1999; Li et al. 2000;
Lakiza et al. 2005; Zhao et al. 2010;
Zearfoss et al. 2011). We found that
both QK and SF1 bound the ACUAA-
like sequences downstream from
Capzb exon 9 by RNA affinity chroma-
tography (Fig. 3). We then showed that
depletion of SF1 has no detectable effect
on Capzb exon 9 inclusion, while QK
depletion strongly reduced exon inclu-
sion (Fig. 4A,B). Furthermore, overex-
pression of the QK-5 isoform increased
exon inclusion (Fig. 4D; Supplemental
Fig. 1A), demonstrating a direct role
for QK in regulating alternative splicing
of Capzb exon 9.

Direct and indirect modes of QK influence
on splicing

Several studies of invertebrate QK homologs have identified
roles in splicing at specific exons. C. elegans asd-2 mutations
were isolated using a two-color reporter gene carrying mutu-
ally exclusive exons from a body wall muscle myosin gene
(Ohno et al. 2008). Mutations in an ACUAA-like motif-
containing element (two CUAAC repeats) were shown to ab-
rogate the regulation of adult-specific alternative splicing,
phenocopying the asd-2 mutant worms. In flies, the QK ho-
molog how promotes inclusion of neurexin IV exon 3, most
likely through downstream ACUAA sequences (Rodrigues
et al. 2012). It has remained an open question as to whether
these single exon studies reflect a larger involvement of QK in
splicing at other exons more globally. In vertebrates, QK has
been shown to regulate splicing in oligodendrocyte precur-
sors, but not primarily by binding near exons with ACU
AA. In these cells, QK stabilizes hnRNPA1mRNA by binding

FIGURE 6. Regulation of QK protein level, PTB protein level, and alternative splicing during
myogenic differentiation. (A) Western blot of proteins during differentiation. Proteins from un-
differentiated C2C12 Myoblasts (0) or cells after 72 h of differentiation (Myotubes, 72 h) were
detected using antibodies against proteins listed at left: PTB, myogenin, pan-QK (co-migration
of QK-5 and QK-7 results in one band, QK-6 is the lower band), and GAPDH. (B) Clustering
of splicing events based on their response to QK or PTB depletion in myoblasts relative to their
change in splicing during differentiation. Yellowmeans that inclusion increased, whereas blue in-
dicates reduction in exon inclusion. Asterisks mark exons colored blue inC. A total of 612 cassette
exon events with significant changes (q-value≤ 0.05 and |Sepscore|≥ 0.3) in at least two data sets
are shown; Sepscores that did not meet the significance criteria were replaced with zeros for clus-
tering (Supplemental Table 7). (C) Graph of exons with splicing changes in all three data sets. The
Sepscores of 66 exons with q-value≤ 0.01 and |Sepscore|≥ 0.3 in all three data sets were plotted
using R. Exons activated by QK and repressed by PTB in myoblasts that are activated during dif-
ferentiation are blue. The Slain2_(78) exon is green.
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to its 3′ UTR; thus, a primary effect of depleting QK appears
to be down-regulation of hnRNP A1, which causes gene ex-
pression and splicing defects (Zearfoss et al. 2011).
Inmyoblasts, however, introns neighboring the exonsmost

affected by QK depletion are clearly enriched for the QK-
binding site (Fig. 5) and exhibit the “upstream repressing,
downstream activating” pattern observed for other globally
active splicing factors like Nova (Ule et al. 2006), MBNL1
(Du et al. 2010), MBNL2 (Charizanis et al. 2012), RBFOX1
(Jin et al. 2003), and RBFOX2 (Zhang et al. 2008; Yeo et al.
2009). Splicing of Capzb exon 9 is influenced by the well-
defined binding sites for QK (Ryder and Williamson 2004;
Galarneau and Richard 2005) in the downstream intron
and by expression of QK (Figs. 2B, 4; Supplemental Fig. 1).
Thus, we infer that QK acts directly in myoblast splicing,
rather than indirectly through hnRNP A1, as in both the
Quakingviable mouse (Zhao et al. 2010) and oligodendrocyte
precursor cells (Zhao et al. 2010; Zearfoss et al. 2011). This
does not exclude the possibility that QK regulates other
RNA-binding proteins in myoblasts—a view supported by
our observation that a subset of exons is regulated by QK
but lacks good matches to the QK response element within
150 nucleotides of their splice sites. These exons could be reg-
ulated by other factors that are themselves regulated by QK,
or have QK-binding sites farther from the exon, as has been
observed for RBFOX regulation (Huh and Hynes 1994; Lim
and Sharp 1998; Tang et al. 2009). In addition, we note that
a 5-mer related to the RBFOX motif UGCAUG is slightly
enriched upstream of exons repressed by QK in myoblasts
(Supplemental Table 3), suggesting that either these exons
are coregulated by a QK and an RBFOX family member, or
perhaps that QK might regulate an RBFOX family member.
Clearly, the regulation and overlap of complexity of splicing
during muscle differentiation is far from resolved.

QK is a dual regulator of alternative splicing
and mRNA function

In mammals, RNA-binding proteins come in families (e.g.,
PTB/nPTB, RBFOX1 through RBFOX3, MBNL1 through
MBBNL3); members of the same family share very similar
RNA-binding domains and seem to bind indistinguishable
motifs. Yet family members have both shared and distinct
functions that are governed by sequence context, cell-type,
or tissue-specific information. For example, MBNL1 appears
to influence alternative pre-mRNA splicing more signifi-
cantly in muscle tissue, whereas MBNL2 exerts a similarly
predominant influence in brain tissue (Du et al. 2010;
Charizanis et al. 2012). In addition, numerous in vivo cross-
linking studies on splicing factors show that many also bind
to 3′ UTRs of mRNAs as well as to introns near regulated ex-
ons (Hafner et al. 2010; Charizanis et al. 2012; Masuda et al.
2012; Wang et al. 2012). This implies that the same protein
may function in splicing, localization, or translation within
the same cell, or may only participate in some functions in

certain cell types. In the case of QK, the three isoforms differ
in amino acid sequence only at their C-termini, and this
is thought to confer, in part, their distinct localization be-
haviors. QK-5, the predominantly nuclear form, seems
more likely to be involved in direct splicing regulation (this
work), whereas the cytoplasmic QK-6 and QK-7 forms
may mediate translational control or mRNA stability with in-
direct effects on splicing (Saccomanno et al. 1999; Zhao et al.
2010; Zearfoss et al. 2011). We currently lack an understand-
ing of the information that specifies which family member or
isoform should bind where, or carry out which function. One
possibility is that different family members or protein iso-
forms carry out these different functions, perhaps interacting
with separate sets of adaptor proteins that confer specificity.
But whether and how these distinct isoforms might be parti-
tioned to different RNA target sites is unknown.

Combinatorial control of the myogenic splicing
program by QK and PTB

To understand the relationship between the QK and PTB
splicing regulatory networks in myoblasts and during dif-
ferentiation, we defined the PTB global splicing network in
undifferentiated myoblasts and differentiated myotubes us-
ing splicing sensitive microarrays. The PTB network is about
2.5 times larger than the QK network; while only 17% of PTB
regulated exons are also controlled by QK, PTB coregulates
nearly 42% of the QK network. The 172 exons coregulated
by QK and PTB are split evenly into four classes: one where
both repress, another where both activate, one where QK re-
presses while PTB activates, and one where QK activates and
PTB represses. Thus, for just over half of exons regulated by
both proteins, they oppose each other and reinforce each
other at the remaining exons. Analysis of the genes contain-
ing these regulated exons indicates that a diversity of both
general and muscle-specific functions are under control of
these factors.
During differentiation, the two proteins change levels in

opposite directions, with QK increasing and PTB decreasing
(Fig. 6) due in part to the induction of miR-133 and its re-
pression of PTB mRNA (Boutz et al. 2007a). Exons such as
Capzb exon 9 are activated during differentiation by the com-
bined increase in QK activation and decrease of repression by
PTB. However, numerous other splicing factors play roles in
controlling alternative splicing in muscle, and given the com-
plex interplay of splicing factors at most exons, dissecting a
developmental program of alternative splicing will involve
understanding not just why exons change inclusion levels,
but how those that do not change are made stable (Fig.
6B). Nonetheless, by mapping splicing regulatory networks
in myoblasts and following changes in factor level during dif-
ferentiation, ∼22%–29% of the alternative splicing changes
during myogenesis occur in a fashion consistent with prima-
ry regulation by QK alone, PTB alone, or the two proteins
together. The close physical proximity of mapped PTB and
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QK motifs (Fig. 5, cf. Supplemental Fig. 2) in the sequence
upstream of exons repressed by both proteins is notable
andmay indicate a mechanismwhereby the relative occupan-
cy and competition for binding plays a key role in the bimo-
dal relationship between the two proteins—i.e., as one
protein leaves another is able to bind. Future work will in-
volve integrating our understanding of the roles of these
and other splicing factors during myoblast differentiation, in-
cluding MBNL1 (which also activates Capzb exon 9) (Du
et al. 2010), RBFOX proteins, and the CELF proteins
(Gromak et al. 2003). In addition, the control of PTB levels
by miR-133 during myogenic differentiation (Boutz et al.
2007a) and the interactions between QK and microRNAs
in other systems (Chen et al. 2012; Ji et al. 2012; van Mil
et al. 2012) suggest that a full understanding of the develop-
mental control of alternative splicing will require expanding
our appreciation for other control mechanisms at the same
time as we dissect the roles of splicing networks.

MATERIALS AND METHODS

Cell culture

Mouse C2C12 myoblast cells (ATCC) were maintained in Dulbec-
co’s modified Eagle’s medium (DMEM) supplemented with 10% fe-
tal bovine serum (FBS, Invitrogen). To inducemyogenesis, 1.5 × 105

cells were plated in growth medium (DMEM+ 10% FBS) in 6-well
tissue culture-treated plates 12–18 h before addition of differentia-
tion medium (DMEM supplemented with 2% horse serum, Invitro-
gen). Media was changed every 24 h, and myotube formation was
visible after ∼48 h. Differentiation was verified visually by myotube
formation andWestern blot of myogenic markers. RNA and protein
were isolated under subconfluent conditions in growth media (for
myoblast analyses) or 72 h after addition of differentiation medium
(for differentiation analyses).

Microscopy

Live cells were photographed on a Zeiss Axiovert 200microscope us-
ing a Zeiss 20×/0.30 LD A-Plan lens. Images were collected using a
SPOT Insight Mosaic 3.2.0 color digital camera and SPOTAdvanced
software (Diagnostic Instruments, Inc).

Transient transfection

Transfectionswere performedwith Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions. Cells were incubated
for 18–24 h post-transfection prior to harvesting RNA and/or
protein.

RNA isolation

Whole-cell RNA was isolated using Trizol (Invitrogen) according to
manufacturer’s instructions. RNA pellets were resuspended in 50 µL
of TE (10 mM Tris, pH 8.0; 1 mM EDTA). Cytoplasmic RNA was
extracted as described previously (Modafferi and Black 1997).

Protein isolation

Cells were harvested by trypsinization and washed once with 1×
PBS, then resuspended in 50 µL of NP-40 lysis buffer (150 mM
NaCl, 10 mM tris-HCl at pH 7.8, 0.65% NP-40) with complete pro-
tease inhibitor cocktail tablets (Roche), and incubated on ice for 10
min. After spinning for 10 min at 18,000g at 4°C, the supernatant
was flash frozen and stored at −80°C.

Splicing microarrays

Targets were prepared from three replicate cultures for each sample
with the RiboMinus Kit (Invitrogen) and the GeneChip Whole
Transcript Sense Target Labeling Kit (Affymetrix) Labeled target
was hybridized to the MJAY Chip (Affymetrix #540092). Chips
were washed and scanned using the Fluidics Station 450 and
GeneChip scanner (Affymetrix). Data were analyzed as in Sugnet
et al. (2006). The Sepscore is log2 (Include/Skip ratio) of the exper-
imental sample over the reference sample. When exon inclusion in-
creases the Sepscore is positive. Hierarchical clustering (Eisen et al.
1998) was done with Cluster 3.0 (http://bonsai.hgc.jp/~mdehoon/
software/cluster/software.htm); clusters were displayed with Java
TreeView (Saldanha 2004) (http://jtreeview.sourceforge.net/).

Motif analysis

Counts of all 5-mers in the selected region of an exon set are com-
pared with their counts from a background set of sequences using
Fisher’s exact test, with multiple testing correction. Motif mapping
is described in the Supplemental Methods.

RNA affinity chromatography

RNA was bound to beads and incubated with nuclear extract as
described in the Supplemental Methods.

Multidimensional Protein Identification
Technology (MudPIT)

Mass spectrometry was performed by the Vincent J. Coates
Proteomics/Mass Spectrometry Laboratory at UC Berkeley. Peptides
were eluted using a 14-step MudPIT procedure (Washburn et al.
2001). The programs SEQUEST and DTASELECTwere used to iden-
tify peptides and proteins from the mouse database (Eng et al. 1994;
Tabb et al. 2002). The false-positive rate for protein identification is
calculated to be <0.1% (Elias et al. 2005; Sharma et al. 2008).
Detailed methodology is in the Supplemental Methods.

RT-PCR

cDNA synthesis and PCR details are in the Supplemental Methods;
primer sequences are in Supplemental Table 9. Percent exon inclu-
sion ([inclusion/(inclusion + skipping)] × 100) is graphed in Excel;
error bars are ±SD for n≥ 3 independent experiments.

DATA DEPOSITION

Microarray data are deposited in the Gene Expression Omnibus
(GEO) database under the accession number GSE40962.
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SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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