
exhibit substantially elevated KSI values relative
to shuffled controls (Fig. 4D and table S7).

The above observations suggest a model in
which tissue-regulated alternative splicing de-
limits the scope of tissues in which a kinase can
phosphorylate a target. For example, the TJP1
protein mentioned above is a cytoplasmic con-
stituent of the tight junction complex implicated
in the timing of tight junction formation, and its
phosphorylation is involved in tight junction
dynamics (26, 27). The testes display unique
tight junction biology in that tight junctions
regularly dissolve and re-form to permit pas-
sage of preleptotene spermatocytes (28). The
specific exclusion of exon 20 in the mammalian
testis may allow TJP1 to escape phosphoryl-
ation that would otherwise alter the tight junc-
tion association kinetics required for normal
testis function (29). Another example, with KSI
value closer to the mean value, is an alternative
exon in Drosha, a protein required for process-
ing of microRNA primary transcripts (fig. S13).
Phosphorylation of Drosha confers nuclear lo-
calization, which is required for its normal func-
tion in microRNA biogenesis (30). Therefore,
splicing of Droshamay be used to alter the amount
of phosphorylatable Drosha protein, potentially
influencing microRNA abundance in different
cells or tissues.

We have identified a large number of other
exon-kinase pairs with elevated KSIs, includ-
ing prominent kinases involved in develop-
ment, cell cycle, and cancer (e.g., Akt1, Clk2,
PKC, Src) and targets with important roles in
tissue biology such as Atf2, Enah, and Vegfa
(fig. S14 and table S7). Their elevated KSIs
suggest that splicing is often used to focus the
scope of signaling networks, connecting specif-
ic kinases to specific targets in a more cell- or
tissue-restricted fashion than would occur from
expression alone.

Taken together, the analyses described here
reveal two disparate facets of mammalian alter-
native splicing. We identify a core of ~500 exons
with conserved alternative splicing in mammals
and high sequence conservation. These exons
often encode phosphorylation sites, and their
tissue-specific splicing is likely to have substan-
tial impacts on the outputs of signaling networks.
Conversely, we observe extensive variation in the
splicing of these exons between species, often
exceeding intraspecies differences between tis-
sues, suggesting that changes in splicing patterns
often contribute to evolutionary rewiring of sig-
naling networks.
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C/EBP Transcription Factors Mediate
Epicardial Activation During Heart
Development and Injury
Guo N. Huang,1 Jeffrey E. Thatcher,2 John McAnally,1 Yongli Kong,3 Xiaoxia Qi,1 Wei Tan,3
J. Michael DiMaio,2 James F. Amatruda,1,3,4 Robert D. Gerard,3 Joseph A. Hill,3
Rhonda Bassel-Duby,1 Eric N. Olson1*

The epicardium encapsulates the heart and functions as a source of multipotent progenitor
cells and paracrine factors essential for cardiac development and repair. Injury of the adult
heart results in reactivation of a developmental gene program in the epicardium, but the
transcriptional basis of epicardial gene expression has not been delineated. We established a
mouse embryonic heart organ culture and gene expression system that facilitated the identification
of epicardial enhancers activated during heart development and injury. Epicardial activation of
these enhancers depends on a combinatorial transcriptional code centered on CCAAT/enhancer
binding protein (C/EBP) transcription factors. Disruption of C/EBP signaling in the adult
epicardium reduced injury-induced neutrophil infiltration and improved cardiac function. These
findings reveal a transcriptional basis for epicardial activation and heart injury, providing a
platform for enhancing cardiac regeneration.

During embryogenesis, the epicardium
secretes mitogenic factors to promote
cardiomyocyte proliferation and provides

multipotent progenitor cells to form the coronary
vasculature and the fibrous architecture of the
heart (1). Cells of the adult epicardium are typ-
ically quiescent but are rapidly activated in re-
sponse to cardiac injury, promoting cell cycle
reentry and embryonic gene expression (2–10). Al-
though several recent lineage-tracing experi-

ments demonstrated the presence of multipotent
cardiovascular progenitor cells within the ac-
tivated adult epicardium (3, 5, 8, 9), there has
been a lack of functional studies that directly
manipulate gene expression specifically in the
adult epicardium to evaluate its contribution to
cardiac regeneration and repair. Here, we report
the transcriptional mechanisms underlying epi-
cardial activation during cardiac development
and repair, and a functional link between the
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adult epicardium and cardiac remodeling fol-
lowing ischemic injury.

Identification of enhancer elements that ex-
hibit activity in the mouse embryonic epicardi-
um. To decipher the transcriptional basis of
epicardial activation, we sought to identify cis-
regulatory DNA sequences sufficient to confer
epicardial expression during development and in-
jury. We therefore designed a mouse embryonic
heart organ culture and transfection assay to facil-
itate delivery of reporter plasmids to the epicar-
dium (Fig. 1A) and later rapid screeningof epicardial
enhancer elements in luciferase reporter assays.

Epicardium development is evolutionarily con-
served from fish to mammals (11, 12). In both
zebrafish andmice, retinaldehyde dehydrogenase
2 (RALDH2), Wilms tumor 1 (WT1), transcrip-
tion factor 21 (TCF21), and T-box 18 (TBX18)
transcription factors are highly enriched in the
embryonic epicardium (6, 11–14), and their ex-
pression is reactivated in the adult epicardium
after injury (2, 6) (fig. S1). We reasoned that the
epicardial enhancers might reside in evolutionar-
ily conserved regions (CRs) associated with epi-
cardial marker genes. Among the 39 CRs that
encompass 740 kb of genomic regions (fig. S2
and table S1), we identified sequences Raldh2
CR2 and Wt1 CR14 as promising epicardial en-
hancer candidates, showing robust activity in the
embryonic day 11.5 (E11.5) epicardium but not in
human embryonic kidney 293 (HEK293) cells
that lack expression of epicardial marker genes
(Fig. 1, B to D, and fig. S3).

Raldh2 CR2 and Wt1 CR14 are localized in
introns 35 and 15 kb downstream of the tran-
scriptional start site, respectively (fig. S4). We
next examined whether these enhancers drive
epicardial gene expression in vivo.We engineered
enhancer-lacZ transgenic mice and observed robust
b-galactosidase expression throughout the em-
bryonic epicardium (Fig. 1, E and F). We also
generated bacterial artificial chromosome (BAC)
transgenic mice that express an enhanced green
fluorescent protein (egfp) reporter gene in a 225-kb
mouse Raldh2 BAC or a 186-kb mouse Wt1
BAC (fig. S5). Deletion of putative enhancer se-
quences resulted in a drastic loss of GFP ex-
pression in the epicardium (Fig. 1, E and F) and
other tissues (fig. S6). Together, these results
identifyRaldh2CR2 andWt1CR14 as enhancers
that are sufficient and necessary to direct gene
expression in the epicardium.

Both RALDH2 and WT1 are important reg-
ulators of epicardial functions and heart develop-
ment (1, 15–17). Deletion analyses of Raldh2
CR2 revealed a 160–base pair (bp) region that

directed robust epicardial enhancer activity (Fig. 2,
A and B). In two independent transgenic mouse
lines that we examined, the epicardial activity
of the 160-bp Raldh2 CR2 enhancer initiated at
E11.5 (18), persisted throughout gestation, and
decreased postnatally (Fig. 2C and fig. S7). We
observed a similar temporal pattern of epicardial
activity for the 635-bpWt1 CR14 enhancer (Fig.
2D) (5, 6). Reporter expression was also detected
inmesothelial cells and other tissues (figs. S8 and
S9). Further deletion mapping of Wt1 CR14 re-
vealed a region of 53 bp that showed complete
activity in the epicardium (Fig. 2, E and F, and
fig. S9E).

Activation of epicardial enhancers by a C/EBP-
dependent transcriptional combinatorial code.
To search for the transcription factors that reg-
ulate the epicardial enhancers ofRaldh2 andWt1,
we first isolated lacZ+ epicardial cells from E11.5
Tcf21lacZ hearts (19), performed a microarray anal-
ysis of gene expression, and assembled a list of
epicardium-enriched transcription factors (fig.
S10). Second, analyses of the 160-bpRaldh2CR2
and the 53-bp Wt1 CR14 minimal enhancer se-
quences by transcription element search system
(TESS) revealed that both enhancers contain pu-
tative C/EBPbinding sites (fig. S11), andC/EBPb
was enriched in epicardial cells in our microarray
analysis (fig. S10).

The C/EBP family of basic leucine zipper
(bZIP) transcription factors consists of six mem-
bers inmammals (C/EBPa, b, d, e, g, and z) (20).
Quantitative analyses of C/EBP family gene ex-
pression in E11.5 Tcf21lacZ epicardial cells re-
vealed the expression of most members and
enrichment ofCebpb andCebpd transcripts in the
embryonic epicardium (Fig. 3, A and B). Epi-
cardial expression of C/EBPb mRNA and pro-
teins was further confirmed (fig. S12).

We investigated whether C/EBP transcription
factors bind and activate the Raldh2 andWt1 en-
hancers. C/EBP proteins recognize a consensus
sequence of (A/C)TTNCNN(A/C)A (21). The
Raldh2 CR2 and Wt1 CR14 enhancers contain
multiple putative C/EBP binding sites (fig. S11).
Electrophoresis mobility shift assays (EMSAs)
showed robust binding of C/EBPb to 9 (out of 10)
predicted sites (Fig. 3C and fig. S13). Further-
more, overexpression of C/EBPa, C/EBPb, and
C/EBPd in HEK293 cells activated the 160-bp
Raldh2 CR2 enhancer and the 635-bpWt1 CR14
enhancer by two- to sixfold compared with mu-
tant enhancers that could not bind C/EBP (Fig.
3D and fig. S14). In addition, we observed re-
duced expression of Raldh2 and Wt1 in primary
epicardial cells in whichCebpa,Cebpb, orCebpd
were knocked down individually (fig. S15). Col-
lectively, these data suggest that C/EBPa, C/EBPb,

Fig. 1. Functional screen
and identification of ep-
icardial enhancers. (A)
Epicardial lacZ expression
in E11.5 mouse hearts
1 to 3 days after trans-
fection of a CMV-lacZ plas-
mid. Whole-mount and
transverse-section views
are presented. (B and C)
Enhancer activity of each
conserved region (CR) in
the epicardium [(B), n =
2 to 4 hearts] and in
HEK293 cells [(C), n = 3]
(mean T SEM). (D) Rela-
tive activity. The data for
Raldh2CR2 andWt1CR14
are highlighted in red.
(E and F) Raldh2 CR2 and
Wt1 CR14 are sufficient
and necessary to direct
epicardial gene expres-
sion. Displayed are trans-
genic hearts that express
a nuclear lacZ (nlacZ)
driven by an enhancer
(left), an EGFP reporter
in a control BAC (middle),
or an EGFP reporter in
an enhancer-deleted BAC
(right). The number of em-
bryos that show epicar-
dial reporter activity out
of the total number of
transgenic embryos is shown. Scale bars, 200 mm. *P < 0.05; **P < 0.01.
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and C/EBPd may have redundant functions in
regulating Raldh2 and Wt1 gene expression.

We next determined whether C/EBP binding
is required for enhancer activity in the embryonic
epicardium. Mutations of C/EBP sites resulted
in a substantial reduction of enhancer activity
in transgenic embryos and heart organ cultures
(Fig. 3E and figs. S16 and S17). These data sup-
port the conclusion that the C/EBP binding sites
are essential for the activity of the Raldh2 CR2
andWt1 CR14 enhancers in the epicardium dur-
ing development.

To express a dominant negative C/EBP
(ACEBP) in the embryonic epicardium in vivo,
we searched for another independent promoter
or enhancer that exhibits epicardial activity
during development. We identified Uroplakin
3b (Upk3b) as an E11.5 epicardium-enriched
gene in our microarray analysis and found its
expression to be highly restricted to the meso-
thelial cells that cover the internal organs, in-
cluding the heart (fig. S18). We characterized
the promoter of Upk3b and demonstrated
that it indeed directed specific expression of a
b-galactosidase reporter in mesothelial cells at
E12.5 (Fig. 3F). Next, we verified that ACEBP
inhibited transcriptional activity of C/EBP fam-
ily members through cytoplasmic sequestration
(fig. S19). We then generated transgenic mouse
embryos that expressed a Flag-tagged ACEBP

under the control of the Upk3b promoter and
examined gene expression in the epicardium.
Analysis of E12.5 transgenic hearts revealed
a substantial loss of RALDH2 and WT1 ex-
pression in ACEBP-expressing epicardial cells
(Fig. 3G). These results suggest that C/EBP tran-
scription factors are required for Raldh2 and
Wt1 epicardial enhancer activity and gene ex-
pression in the embryonic epicardium.

To further delineate the transcriptional code
governing the Raldh2 and Wt1 epicardidal en-
hancers, we generated deletion mutants with ei-
ther 20- or 3-bp deletions across the minimal
enhancer regions and examined their activity in
ex vivo epicardial luciferase assays. Such dele-
tion scanning analyses revealed a critical region
in the Raldh2 CR2 that contains a conserved
HOX:MEIS composite binding site (Fig. 3H and
fig. S20, A to C) and a region in the Wt1 CR14
that contains a predicted binding site for the
CP2 subfamily of Grainyhead (GRH) transcrip-
tion factors (Fig. 3I and fig. S23, A and B). We
next examined the abundance and expression
pattern of MEIS, HOX, and GRH families of
transcription factors and found that several mem-
bers are expressed and enriched in E11.5 epi-
cardial cells (figs. S20 to S24). In addition, we
performed chromatin immunoprecipitation (ChIP)
analyses in primary epicardial cells, which de-
tected the binding ofMEIS1/2, HOX2B, C/EBPa,

and C/EBPd to the endogenous Raldh2 CR2 en-
hancer and the binding of several CP2 family
and C/EBP family proteins to the Wt1 CR14
locus (fig. S25). We further observed simulta-
neous binding and strong synergistic activation
of the Wt1 CR14 enhancer by C/EBP and CP2
family proteins (fig. S25). Moreover, mutant en-
hancers with point mutations that abolish ei-
ther HOX or MEIS binding in the Raldh2 CR2
or mutations that abolish CP2 binding in the
Wt1 CR14 region showed diminished epicardial
activity in both organ cultures and transgenic
embryos (Fig. 3, J to M). Altogether, our data
suggest a combinatorial code of C/EBP, HOX,
and MEIS in regulating the epicardial activity
of the Raldh2 CR2, and a role of C/EBP and
the CP2 subfamily of Grainyhead transcription
factors in governing the Wt1 CR14 enhancer
activity.

C/EBP-dependent reactivation of epicardial
enhancer activity and gene expression in adult
injured hearts. If reexpression of the develop-
mental gene program in the adult epicardium
after myocardial injury involves the reactivation
of embryonic epicardial enhancers, the Raldh2
CR2 and Wt1 CR14 enhancers should be reac-
tivated after injury. We examined our stable trans-
genic mouse lines that harbor a Raldh2 or Wt1
epicardial enhancer-driving nlacZ and subjected
these adult animals to either permanent or tran-
sient coronary artery ligation surgery to induce
myocardial infarction (MI) or ischemia reperfu-
sion (IR), respectively. One day after MI, intense
b-galactosidase activity was detected in the epi-
cardium overlying the infarct zone and the border
zone, and the expression was maintained for at
least 7 days after injury (Fig. 4, A and B). Ex-
pression was most pronounced at the border
zone, but much weaker and scattered expression
in regions of the epicardium outside the infarct
was also detected. We observed a similar pattern
of activity for both enhancers after IR injury
(fig. S27).

We further examined whether C/EBP tran-
scription factors are involved in reactivation of
the Raldh2 and Wt1 epicardial enhancers and
gene expression following myocardial injury.
First, we generated transgenic mice that express
lacZ under the control of wild-type Raldh2 and
Wt1 epicardial enhancers or mutant enhancers that
lack C/EBP binding sites. After cardiac ischemic
injury, lacZ expression was largely absent in mice
with the C/EBP binding mutant enhancers (Fig.
4, C and D). Next, we examined the expression
of C/EBP family members after cardiac injury.
Robust up-regulation of Cebpb mRNA and pro-
teins specifically in the epicardium was observed
after bothMI and IR injury (Fig. 4E and fig. S28).
We also found strong induction of Cebpa and
weak expression of Cebpd in cells of the epicar-
dium and in the infarct area (fig. S28). Further-
more, to examine the function of C/EBP in vivo,
we transduced the adult epicardium with GFP-
or ACEBP-expressing adenovirus (AdGFP
or AdACEBP). Viruses were carefully injected

Fig. 2. Dynamic activity
of Raldh2 and Wt1 epi-
cardial enhancers. (A) Epi-
cardial enhancer activity
of Raldh2 CR2 maps to
a 160-bp region (mean T
SEM, n = 2 to 4 hearts).
(B) The Raldh2 CR2 min-
imal enhancer directs epi-
cardial expression in vivo.
The staining pattern rep-
resents six out of seven
F0 transgenic embryos an-
alyzed. (C) Temporal and
spatial expression of the
160-bp Raldh2 CR2-nlacZ
transgene ina stablemouse
line with an emphasis on
the activity in the heart.
(D) Dynamic activity of the
635-bpWt1CR14 enhanc-
er in a stable mouse line.
(E) Mapping of the epi-
cardial enhancer activity of
Wt1 CR14 to a 53-bp se-
quence (n=2 to 4 hearts).
(F) Epicardial expression of
a 53-bp Wt1 CR14-nlacZ
transgenic heart, which
represents three out of six
transgenic embryos ana-
lyzed. LA, left atrium; RA,
right atrium; LV, left ven-
tricle; RV, right ventricle.
Scale bars, 200 mm.
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into the pericardial space, and examination of
heart cross-sections revealed restricted viral
expression in the epicardium (fig. S29). In the
epicardial cells infected with AdACEBP, the
injury-induced expression of RALDH2 and
WT1 was attenuated (Fig. 4F). These results
support the conclusion that C/EBP proteins
mediate injury-induced activation of Raldh2 and
Wt1 epicardial enhancers and gene expression in
the adult epicardium.

Inhibition of C/EBP signaling in the adult
epicardium confers cardioprotection. We in-
vestigated whether expression of ACEBP in
the adult epicardium could result in measur-
able changes in the function of ischemic hearts.
Cardiac function following ischemia reperfu-
sion was assessed by ejection fraction (EF) using
magnetic resonance imaging. At both 4 and
12 weeks, cardiac function was significantly
improved in the AdACEBP-injected mice com-
pared with that of AdGFP-injected mice (Fig.
4G). The EF for AdACEBP versus AdGFP was
53.1 T 3.1% versus 42.6 T 4.2% at 4 weeks (P <
0.05) and 55.9 T 3.5% versus 43.0 T 5.7% at
12 weeks (P < 0.05). Moreover, AdACEBP-
infected hearts showed a pronounced 2.5-fold
reduction in the fibrotic area, compared with
AdGFP-infected hearts after ischemia reper-
fusion (Fig. 4H). These data indicate that dis-
ruption of C/EBP activation in the epicardium
of injured hearts can lead to improved contract-
ile function and decreased myocardial fibrosis.
Although at the earliest time point of analysis
(1 week after surgery), the EF of AdACEBP-
injected hearts (54.6 T 5.0%) was not statistically
significantly different from that of AdGFP-
infected hearts (44.7 T 5.1%,P= 0.091) (Fig. 4G),
the ~10% improvement of EF in the AdACEBP-
treated group was already present, suggesting
that the key process affected by AdACEBP in-
fection likely occurred within the first week
after IR injury.

Inflammation is one of the earliest responses
after tissue injury. Neutrophil influx is associated
with expansion of IR-induced cardiac injury,
and interventions targeting neutrophil infiltra-
tion confer cardioprotection (22, 23). Therefore,
we examined neutrophil recruitment in injured
hearts 1 day after IR. Intriguingly, we observed
that many GR-1–positive neutrophils localized
on the epicardial surface and in the subepicardial
space in addition to the infarct area (Fig. 4I and
fig. S30). Moreover, the neutrophil count in the
AdACEBP-injected hearts was only 25% of that
in the AdGFP-injected hearts (Fig. 4J). These
results suggest an important function of C/EBP-
mediated epicardial activation in promoting leu-
kocyte recruitment and inflammatory responses.
Notably, inactivation of C/EBPb in lung epithelial
cells was also recently found to result in blunted
neutrophil influx and pulmonary inflammation in
response to cigarette smoke (24), suggesting a
general role of C/EBP in the epithelium in reg-
ulating the innate immune response during tissue
injury repair.

Discussion. Our work reveals a transcription-
al basis of epicardial activation in both heart
development and the injury response. Our data
support a model (fig. S31) in which members of
the C/EBP family of transcription factors are ac-
tivated in the epicardium in response to both de-
velopmental cues and injury signals, and function
together with HOX, MEIS, and Grainyhead tran-
scription factors to establish a transcriptional code
for embryonic gene expression in the epicardium.
Grainyhead transcription factors have been impli-

cated in epithelial barrier formation and wound
healing in fruit flies and mice (25, 26). Our study
also suggests a potentially important role of the
Grainyhead family in the injury response and
function of the epithelial cells that encapsulate
the heart. In addition, the present work uncovers
a previously unappreciated role of the epicardium
in regulation of the inflammatory response and
neutrophil infiltration after injury. In this regard,
manipulations that inhibit neutrophil recruitment
in animals undergoing reperfusion following MI

Fig. 3. A C/EBP-dependent combinatorial code for Raldh2 and Wt1 activation in the embryonic
epicardium. (A and B) Quantitative analyses of mRNA abundance and relative enrichment of C/EBP family
members in E11.5 epicardial cells (n = 3). (C) Binding of C/EBPb proteins to predicted sites. (D) Activation
of the wild-type (wt) but not mutant (m) enhancers by C/EBP proteins in HEK293 cells (n = 3). (E)
Mutations of C/EBP sites reduce epicardial enhancer activity in vivo. (F) X-gal stain of a transgenic embryo.
H, heart; L, Liver. (G) Immunostaining of E12.5 transgenic hearts. DAPI, 4´,6-diamidino-2-phenylindole
(H and I) Three–base-pair deletion scanning analyses of minimal enhancers (n = 2 to 6 hearts). The
numbers on the top denote the positions of the critical regions (red) revealed by functional mapping. (J toM)
Point mutations in either HOX, MEIS, or CP2 binding sites abolish epicardial enhancer activity in heart
organ cultures [(J and L), n = 3 hearts] and transgenic embryos (K and M). For (E), (K), and (M), the
number of epicardial lacZ+ embryos out of the number of transgenic embryos analyzed is presented in
the upper right corner. Scale bars: 2 mm (F), 200 mm [(E), (K), and (M)], 100 mm (G). All error bars are
SEM. In statistical analyses, all mutants were compared with wild-type controls. *P < 0.05; **P < 0.01;
***P < 0.005.
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diminish infarct size (22, 23). Other inflammato-
ry cells also contribute appreciably to cardiac dam-
age and repair during pathological remodeling
(22, 23). Future investigation of the potential role
of retinoic acid (27, 28) and other epicardium-
secreted cytokines and chemokines (5) as C/EBP
downstream targets in regulating inflammation
may uncover novel molecular targets and facili-
tate strategies to reduce reperfusion damage and
enhance cardiac repair.
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Fig. 4. Epicardial C/EBP signaling regulates injury-induced epicardial gene
activation and cardiac remodeling in adult hearts. (A and B) Reactivation
of Raldh2 and Wt1 enhancers after myocardial infarction (MI). Magnified
views of boxed areas are shown below. Arrowheads mark coronary lig-
atures. (C and D) Diminished injury responses in transgenic mice car-
rying C/EBP-binding mutant enhancers. The number of epicardial lacZ+

hearts out of the number of transgenic hearts analyzed is shown. (E)
Epicardial induction of C/EBPb proteins 3 days after MI. (F) Reduced
RALDH2 and WT1 expression in AdACEBP-infected epicardial cells 3 days
after MI. White arrowheads point at infected cells (GFP+) and yellow
arrowheads mark uninfected epicardial cells (GFP–). (G) Magnetic res-

onance images (left) and ejection fraction (EF) measurements (right) of
AdGFP- versus AdACEBP-injected hearts at different weeks (w) after IR
surgery. (H) Analysis of fibrotic area (stained in blue in the trichrome
stain) of heart sections from AdGFP- versus AdACEBP-injected mice 12
weeks after IR surgery. (I) Immunohistochemical stains of GR-1 on heart
sections reveal enrichment of neutrophils around the epicardium 1 day
after IR injury. ( J ) Neutrophil counts in the infarct area of AdGFP- versus
AdACEBP-injected hearts 1 day after IR. LV, left ventricle. For (G), (H),
and (J), the number in the column denotes the total number of animals
analyzed. Scale bars, 200 mm for (A) to (D) and (H); 20 mm for (E), (F), (I),
and (J). *P < 0.05; ** P < 0.01.
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