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Abstract

Background Reversible ε-amino acetylation of lysine residues regulates transcription as well as metabolic flux; however,
roles for specific lysine acetyltransferases in skeletal muscle physiology and function are unknown. In this study, we investi-
gated the role of the related acetyltransferases p300 and cAMP response element-binding protein-binding protein (CBP) in
skeletal muscle transcriptional homeostasis and physiology in adult mice.
Methods Mice with skeletal muscle-specific and inducible knockout of p300 and CBP (PCKO) were generated by crossing
mice with a tamoxifen-inducible Cre recombinase expressed under the human α-skeletal actin promoter with mice having LoxP
sites flanking exon 9 of the Ep300 and Crebbp genes. Knockout of PCKO was induced at 13–15 weeks of age via oral gavage of
tamoxifen for 5 days to both PCKO and littermate control [wildtype (WT)] mice. Body composition, food intake, and muscle
function were assessed on day 0 (D0) through 5 (D5). Microarray and tandem mass tag mass spectrometry analyses were per-
formed to assess global RNA and protein levels in skeletal muscle of PCKO and WT mice.
Results At D5 after initiating tamoxifen treatment, there was a reduction in body weight (�15%), food intake (�78%), stride
length (�46%), and grip strength (�45%) in PCKO compared with WT mice. Additionally, ex vivo contractile function [tetanic
tension (kPa)] was severely impaired in PCKO vs. WT mice at D3 (~70–80% lower) and D5 (~80–95% lower) and resulted in
lethality within 1 week—a phenotype that is reversed by the presence of a single allele of either p300 or CBP. The impaired
muscle function in PCKO mice was paralleled by substantial transcriptional alterations (3310 genes; false discovery rate <

0.1), especially in gene networks central to muscle contraction and structural integrity. This transcriptional uncoupling was ac-
companied by changes in protein expression patterns indicative of impaired muscle function, albeit to a smaller magnitude
(446 proteins; fold-change > 1.25; false discovery rate < 0.1).
Conclusions These data reveal that p300 and CBP are required for the control and maintenance of contractile function and
transcriptional homeostasis in skeletal muscle and, ultimately, organism survival. By extension, modulating p300/CBP function
may hold promise for the treatment of disorders characterized by impaired contractile function in humans.
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Introduction

The reversible acetylation of lysine ε-amino groups is a prev-
alent, highly conserved post-translational modification that
regulates diverse cell physiological processes, including tran-
scription, cell cycle progression, and energy metabolism.1–5

Recent studies of complete acetyl-lysine proteomes reveal
that numerous proteins involved in substrate metabolism,
mitochondrial electron transport, and muscle contraction
are acetylated in skeletal muscle,6 suggesting central al-
though enigmatic roles for lysine acetylation in skeletal mus-
cle function.4 In general, protein lysine acetylation is
controlled by balance between the addition of acetyl groups
from acetyl coenzyme A to a lysine residue by lysine acetyl-
transferases and their removal by lysine deacetylases.2–5

While a large body of work has elucidated roles for
deacetylases in skeletal muscle regulation,7–11 contributions
of acetyltransferases to skeletal muscle physiology and func-
tion remain to be determined.

The E1A binding protein p300 (p300; also known as KAT3B)
and cAMP response element-binding protein-binding protein
(CBP; also known as KAT3A) are related lysine acetyltransfer-
ases,12,13 sharing an extensive network of over 400 interac-
tion partners.12 Several p300 and CBP binding proteins are
key transcriptional regulators that ubiquitously recruit
p300/CBP to enhancer and promoter regions throughout
the genome,9,14 where p300 and CBP mediate transcription
factor recruitment and acetylation of histone proteins.12,13,15

p300/CBP have critical roles in transcriptional regulation—
particularly during development—as evident by embryonic le-
thality of whole-animal knockout (KO) of p300 or CBP or com-
bined heterozygous KO of p300 and CBP.16,17 In addition to
numerous p300/CBP acetylation substrates associated with
transcriptional regulation in the nucleus,12,13,15 several pro-
teins in the cytosol have also been identified as targets of
p300/CBP, suggesting further complexity and importance of
p300/CBP in diverse cellular functions.

Studies of skeletal muscle cells describe a central role for
p300 in transcriptional regulation of myotube differentiation
and muscle integrity in vitro.18–20 However, we recently
found that in vivo, muscle-specific deletions of p300 in mice
do not affect skeletal muscle development, morphology, con-
tractile function, or exercise capacity.21 This lack of impact of
loss of p300 may stem from compensation by CBP, a phe-
nomenon that is often described in other cell types but has
not yet been demonstrated for p300 and CBP in muscle.22–
24 Here, to better delineate the contributions of p300 and
CBP to muscle physiology in vivo, we generated mouse
models with inducible skeletal muscle-specific double KO of
p300 and CBP (PCKO)—as well as PCKO mice heterozygous
for either p300 (PZ) or CBP (CZ) that allow for single allele
studies. We find that the combined loss of p300 and CBP in
adult skeletal muscle rapidly alters gene expression patterns
fundamental to skeletal muscle function, in parallel with loss

of contractile function and, ultimately, lethality within 1
week. Remarkably, muscle weakness and lethality pheno-
types were prevented by the presence of one allele of either
p300 or CBP. Together, our work demonstrates critical, coop-
erative roles for p300 and CBP in mediating transcriptional
homeostasis in skeletal muscle physiology, in a manner nec-
essary for organism survival.

Materials and methods

Animals

Inducible, skeletal muscle-specific Ep300 and Crebbp double-
knockout (PCKO) mice were generated by crossing mice with
a tamoxifen (TMX)-inducible Cre recombinase expressed un-
der the human α-skeletal actin promoter25 with mice
harbouring LoxP sites flanking exon 9 of the Ep300 gene22

and exon 9 of the Crebbp gene.26 TMX (2 mg) was adminis-
tered via oral gavage to all mice for five consecutive days,
starting at 13–15 weeks of age. At either 1, 3, or 5 days after
TMX start, tissues were excised from fasted (4 h) and anaes-
thetized animals, snap frozen in liquid nitrogen, and stored at
�80°C for subsequent analysis. Mice were kept in a conven-
tional facility with a 12 h light/12 h dark cycle and had free
access to food and water unless otherwise noted. All animal
experiments were approved by, and conducted in accordance
with, the Animal Care Program at the University of California,
San Diego.

Food intake and body composition

Food intake was measured in ad libitum fed, single-housed
mice. Food weight and mouse body weight was recorded at
12 p.m., every day during a 1 week period. Body composition
was measured using an EchoMRI-100TM analyser (EchoMRI
Medical Systems, Houston, TX, USA) 1 day before TMX and
at 3 and 5 days post-TMX start.

Gait analysis

Gait testing was performed using a TreadScan (CleverSys,
Reston, VA, USA) digital analysis system. Mice walked on a
transparent treadmill belt kept at a speed of 5 cm/s and were
imaged from below using a high-speed digital camera. A total
of five videos, 800 frames per video, were collected per day
for each mouse and videos were analysed using TreadScan
software so as to get the following gait characteristics: stance
time [milliseconds (ms) that the is paw on the belt], swing
time (ms that the paw is in the air), and total stride length
[millimeters (mm)]. The tester was blinded to the genotype
of the mice.
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Ex vivo contractile testing

Muscle contractile function and mechanical properties were
assessed in the fifth-toe extensor digitorum long (EDL) muscle
as previously described.27 Briefly, muscles were isolated and
incubated in Ringer solution at 25°C, and muscle sarcomere
length was normalized using laser diffraction.28 All soleus ex-
periments were performed at optimal muscle length.
Supramaximal stimulation conditions were established for
each experiment by single 0.5 ms twitch pulses of increasing
current, using +50% more than the value where the force
plateaued for experimental testing. Muscles were electrically
stimulated (model S88; Astro-Med, West Warwick, RI, USA)
via parallel platinum electrodes (300 ms train duration and
0.5 ms pulse duration) to assess twitch characteristics (twitch
tension, half-relaxation time, and time-to-peak tension). After
a 10 min rest, muscles were stimulated at increasing frequen-
cies (1–120 Hz) with 120 s intervals between contractions to
determine the force–frequency relationship. From this, fusion
frequency was calculated as the lowest frequency where os-
cillations in force are no longer evident. For all analysis, force
was normalized to the muscle physiological cross-sectional
area.29 For each day (D1, D3, and D5), the appropriate
wildtype (WT) control mouse was analysed alongside the
PCKO mice. For force–frequency curves, there was no signifi-
cant differences between WT mice at the different
timepoints, and the WT data were collapsed.

Statistics

For data other than microarray and proteomics analysis (see
respective sections for a detailed description of statistical
analysis), an unpaired Student’s t-test, one-way or two-way
analysis of variance (using repeated measurement where ap-
propriate), followed by either Bonferroni’s or Tukey’s post
hoc test, was used. Significance was set at P < 0.05. Statisti-
cal analyses were performed using Prism 6 (GraphPad Soft-
ware Incorporated, La Jolla, CA, USA). All data are
expressed as mean ± SEM.

Additional materials and methods may be found online in
the Supporting Information, Data S1.

Results

Knockout of both p300 and cAMP response
element-binding protein-binding protein in adult
mouse skeletal muscle

To generate PCKO mice, we crossed mice carrying a TMX-
inducible Cre recombinase (Cre) expressed under the human
α-skeletal actin promoter25 with mice harbouring LoxP sites
flanking exon 9 of the Ep300 gene22 and exon 9 of the Crebbp

gene.26 To activate Cre recombinase in skeletal muscle and
initiate PCKO in adult mice, 13- to 15-week-old floxed and
Cre negative [i.e. ‘wildtype’/control (WT)] and PCKO mice
were administered TMX orally for five consecutive days
(D0–D4), where D1 is considered the first day after starting
TMX (Figure 1A). Protein abundance of p300 and CBP was ro-
bustly reduced in skeletal muscle of PCKO vs. WT mice at D1,
D3, and D5 (p300: �60%, �69%, and �68%; CBP: �70%,
�78%, and �80%, respectively) (Figure 1B). There was no dif-
ference in body weight between WT and PCKO mice between
D0 and D3; however, at D4 and D5, PCKO mice had lost ~6%
and ~14% of their starting body weight, respectively (Figure
1C). PCKO mice had a ~75% reduction in overall fat mass
and ~10% reduction in lean mass at D5 compared with D0
(Figure 1D). Body water content was not altered over time
for either WT or PCKO mice but was slightly higher in the
PCKO group during all timepoints (Figure 1E). Epididymal fat
pad weight was ~70% lower and liver weight trended (P =
0.057) to be lower in PCKO vs. WT mice at D5 (Table 1). Heart
and skeletal muscle weights were comparable between WT
and PCKO mice at D1, D3, and D5 (Table 1), and there was
no difference in tibialis anterior protein concentration in
PCKO vs. WT mice at D5 (Table 1). At the D4 and D5
timepoints, PCKO mice consumed less food over the previous
24 h compared with WT mice (Figure 1F), which was likely a
major contributing factor for the reduced body and fat mass
in PCKO mice at D5 (Figure 1C and 1D).

Skeletal muscle p300 and cAMP response
element-binding protein-binding protein are
fundamental to survival

Remarkably, 6–7 days after initiating TMX treatment in PCKO
andWTmice, all PCKOmice either died spontaneously or were
considered to be in such a moribund state that they were eu-
thanized (Figure 1G). Equally remarkable, the lethality pheno-
type in PCKO mice was reversed in PZ and CZ mice (i.e. mice
with one functional allele of p300 or CBP, respectively), which
survived for at least 4 weeks (longest time these mice were
observed) after initiating TMX treatment (Figure 1G). In light
of the lethality phenotype in PCKO mice, all further experi-
ments were conducted in mice at D5 or earlier.

Compromised mobility and neuromuscular function
of p300 and cAMP response element-binding
protein-binding protein knockout mice

A striking phenotype of PCKO mice is progressive muscle
weakness, such that they are essentially unable to move their
hind limbs and have a limited capacity to use their fore limbs
to move around the cage. To quantify this phenomenon, we
performed gait analysis in WT and PCKO mice at D3, D4,
and D5. PCKO mice demonstrated an altered movement
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pattern, with longer stance time at D5, shorter swing time at
D4 and D5, and shorter stride length at D5 compared with
WT mice (Figure 2A). Furthermore, neuromuscular function,
as assessed by rotarod, was severely impaired in PCKO vs.

WT mice at D5 (Figure 2B), grip strength was significantly re-
duced in PCKO mice vs. WT mice at D4 and D5 (Figure 2C),
and the ability of PCKO mice to stay on the grid during an
inverted screen test was abrogated at D4 (Figure 2D).

Figure 1 Knockout of p300 and CBP in PCKO mice is lethal. (A) Schematic representation. Tamoxifen (TMX) was administered to the mice via gavage at
day 0 (D0) through D4. Tissues were harvested at D1, D3, and D5. (B) Representative blots of p300 and CBP protein abundance in gastrocnemius. Bar
graphs represent quantification of p300 and CBP protein abundance in WT and PCKO mice (n = 6 WT, n = 6 D1 PCKO, n = 6 D3 PCKO, and n = 6 D5
PCKO), normalized to eEF2. (C) Body weight expressed as % of initial weight of WT and PCKO mice at D0 (n = 7 WT and n = 9 PCKO). (D) Loss of
fat and lean mass (%) at D3 and D5 in PCKO and WT mice compared with D0 (n = 7 WT and n = 9 PCKO). (E) Water content as % of body weight
(n = 7 WT and n = 9 PCKO). (F) Food intake of WT and PCKO over the previous 24 h at D0–D5 (n = 7 WT and n = 9 PCKO). (G) WT and PCKO mice
survival over time, from the start of TMX administration until D8 (n = 6 WT, n = 14 PCKO, n = 8 PZ, and n = 8 CZ). Statistics: Data reported as means
± SEM. (B) One-way analysis of variance (ANOVA), Bonferroni post hoc test, *P < 0.05, PCKO vs. WT. (C–F) Two-way ANOVA, repeated measures,
Bonferroni post hoc test,

*
P < 0.05, PCKO vs. WT within each day; (G) Log-rank (Mantel–Cox) test.

Table 1 Body and tissue weights of WT and PCKO mice at days 1, 3, and 5

Day 1 Day 3 Day 5

WT PCKO WT PCKO WT PCKO

BW (g) 28.7 ± 1.7 (a) 29.2 ± 1.7 (a) 28.4 ± 2.0 (a) 28.3 ± 2.7 (a) 28.5 ± 1.7 (a) 24.2 ± 2.6 (b)
GA (mg) 136.9 ± 10.6 (a) 138.1 ± 10.6 (a) 137.8 ± 12.4 (a) 138.3 ± 13.0 (a) 127.4 ± 9.9 (a) 127.5 ± 10.6 (a)
TA (mg) 51.5 ± 3.5 (a) 51.9 ± 5.1 (a) 53.0 ± 4.4 (a) 49.7 ± 8.3 (a) 48.5 ± 4.4 (a) 48.2 ± 4.8 (a)
TA protein conc.
(mg/g muscle)

N/A N/A N/A N/A 144.4 ± 30.9 (a) 143.7 ± 20.9 (a)

QUAD (mg) 199.6 ± 10.1 (a) 206.8 ± 17.8 (a) 218.8 ± 17.9 (a) 224.6 ± 19.7 (a) 195.9 ± 20.6 (a) 193.9 ± 23.1 (a)
Heart (mg) 135.1 ± 21.5 (a) 133.0 ± 10.7 (a) 131.2 ± 16.7 (a) 121.2 ± 10.2 (a) 126.9 ± 10.7 (a) 122.8 ± 16.4 (a)
Liver (mg) 1497.9 ± 65.7 (a) 1498.6 ± 98.2 (a) 1344.3 ± 88.8 (a,b) 1377.8 ± 164.9 (a) 1345.8 ± 89.2 (a,b) 1155.3 ± 136.7 (b)
eWAT (mg) 394.6 ± 153.1 (a) 418.5 ± 109.1 (a) 350.9 ± 24.6 (a) 379.9 ± 110.7 (a) 270.8 ± 37.7 (a) 86.3 ± 42.5 (b)

BW, body weight; eWAT, epididymal white adipose tissue (day 1/3/5; n = 7/5/7 WT and 7/5/9 PCKO, respectively); GA, gastrocnemius;
QUAD, quadriceps; TA, tibialis anterior. Total protein concentration normalized to muscle wet weight (day 5; n = 6 WT and n = 6 PCKO).
Statistics: Data reported as means ± SEM. Within rows, means followed by the same letter, are not significantly different (Student’s t-test
or two-way analysis of variance, Tukey’s post hoc test, P < 0.05).
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Figure 2 Muscle weakness, but minor changes in muscle histology in PCKO mice. (A) Stance time, swing time, and stride length of WT and PCKO mice
as analysed by treadmill gait analysis at day (D)3, D4, and D5 (n = 9WT and n = 10 PCKO). (B–D) Functional tests in WT and PCKO mice. (B) Rotarod test
at D0–D5 (n = 12 WT and n = 9 PCKO), (C) grip strength test at D0–D5 (n = 7 WT and n = 9 PCKO), and (D) inverted screen test at D0 and D4 (n = 7 WT
and n = 9 PCKO). (E) Representative pictures of haematoxylin & eosin-stained tibialis anterior (TA) muscle from WT and PCKO mice. (F) Representative
electron micrographs (×5000magnification) of extensor digitorum longus (EDL) muscle fromWT and PCKO mice (n = 2WT and n = 2 PCKO). (G) Average
cross-sectional area (CSA, μm2

) and (H) distribution of fibre CSAs (μm2
) presented as per cent (%) fibres within each size bin (n = 8WT and n = 7 PCKO).

(I) Centrally localized nuclei in TA, presented as % fibres with centrally localized nuclei from WT and PCKO mice (n = 4 WT and n = 4 PCKO). Statistics:
Data reported as means ± SEM. (A) Two-way analysis of variance (ANOVA), Bonferroni post hoc test, *P < 0.05, PCKO vs. WT. (B–D) Two-way ANOVA,
repeated measures, Bonferroni post hoc test,

*
P < 0.05, PCKO vs. WT. (G and I) Student’s t-test,

*
P < 0.05, PCKO vs. WT. (H) Two-way ANOVA,

Bonferroni post hoc test, *P < 0.05, PCKO vs. WT. TMX, tamoxifen.
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Altogether, these findings demonstrate that PCKO mice de-
velop a rapid, general loss of mobility and neuromuscular
function in the days after initiating knockout of p300 and
CBP.

No histological abnormalities in skeletal muscle of
p300 and cAMP response element-binding
protein-binding protein knockout mice

To gain insight into how functional impairments develop in
PCKO animals, we performed histological assessments of skel-
etal muscle from WT and PCKO mice. Tibialis anterior and di-
aphragm histology in D5 PCKO mice did not differ from WT
mice (Figure 2E and Supporting Information, Figure S1A).
Electron micrographs of EDL show normal muscle ultrastruc-
ture in D5 PCKO vs. WT mice (Figure 2F and Supporting Infor-
mation, Figure S1B). Average fibre cross-sectional area was
higher in PCKO vs. WT mice (~9%) (Figure 2G and Supporting
Information, Figure S1C). Specifically, there was a 28% reduc-
tion in the number of medium-sized muscle fibres (1800–
2400 μm) in PCKO vs. WT mice and a trend towards more
large muscle fibres (3000+ μm) (Figure 2H and Supporting In-
formation, Figure S1C). There was no difference in the
number of centrally nucleated fibres in PCKO vs. WT mice
(Figure 2I), which is a proxy for muscle damage and
regeneration. To assess oxidative capacity in PCKO
skeletal muscle, we performed a succinate dehydrogenase
staining in tibialis anterior and diaphragm muscles; there
were no genotype differences in oxidative fibre type
distribution in either muscle type (Supporting Information,
Figure S1D–E).

Skeletal muscle contractile function is severely
impaired in p300 and cAMP response
element-binding protein-binding protein knockout
mice

Given the loss of neuromuscular coordination and strength in
PCKO mice, we next assessed muscle contractile function. Ex
vivo contractility measurements in the EDL at D1 showed
comparable maximum twitch (Figure 3A) and tetanic (Figure
3B and 3C) tension between genotypes. Remarkably, at D3
and D5, maximum twitch (Figure 3A) and tetanic (Figure 3B
and 3C) tension in PCKO mice were reduced by ~80–95%.
At D3 and D5, PCKO muscles generated a fused tetanic con-
traction at ~50–100% higher stimulation frequency compared
with WT mice (Figure 3D). Importantly, these differences in
muscle function were not due to an inability to respond to
electrical stimulation; when expressing tetanic tension at a
given stimulation frequency relative to maximum tetanic ten-
sion, PCKO mice show increased force with higher frequency
of stimulation (Figure 3E), demonstrating that muscle fibres
are activated in PCKO mice. Because the lethality phenotype

of PCKO mice was reversed in PZ and CZ mice, we assessed
if contractile function was normalized as well. Strikingly,
~93% of twitch (Figure 3F) and ~90% of max tetanic (Figure
3G) tension was retained in PZ vs. PCKO mice at D5. Similarly,
~73% of twitch (Figure 3F) and ~86% of tetanic (Figure 3G)
tension was maintained in CZ vs. PCKO mice at D5. The re-
duced contractile function of PCKO mice was also evident in
soleus, with maximum twitch (Figure 3H) and tetanic (Figure
3I and 3J) tension reduced by ~80–95%, which indicates that
the effect of loss of p300 and CBP on muscle function is not
fibre-type dependent. Overall, these results reveal the abso-
lute requirement of p300 and CBP in skeletal muscle for con-
tractile function and that one allele of CBP or p300 is
sufficient for normal skeletal muscle force production.

Transcriptional changes in skeletal muscle of k
p300 and cAMP response element-binding
protein-binding protein knockout mice

For insight into why PCKO mice develop severe impairments
in muscle contractile function, we performed a microarray
analysis in the EDL (i.e. the muscle used for measuring
ex vivo contractility) of D5 WT and PCKO mice. Within 5
days of initiating TMX treatment, 3310 genes (1763 up-
regulated and 1547 down-regulated) were differentially
expressed (false discovery rate < 0.1) in PCKO vs. WT muscle
(Figure 4A and Supporting Information, Table S1). This rapid
and extensive disruption of transcriptional patterns suggest
that p300 and CBP are important for transcriptional homeo-
stasis in skeletal muscle. In line with our findings of impaired
contractile function in PCKO mice, gene ontology (GO) enrich-
ment revealed that the differentially expressed genes were
predominately enriched for processes central to skeletal mus-
cle contraction, muscle development, and carbohydrate me-
tabolism [Figure 4B and Supporting Information, Table S2
(GO:BP)]. In line with a robust ‘muscle contraction’ signature
within the differentially expressed genes, there was strong
enrichment in myocellular compartments central to skeletal
muscle contractile function, including sarcoplasmic reticulum,
sarcomere, striated muscle thin filaments, and ion channel
complexes [Figure 4C and Supporting Information, Table S2
(GO:CC)], with most genes in these categories (~48–100%)
being down-regulated in PCKO vs. WT muscles (Figure 4D).
Together, these data indicate that p300/CBP control the tran-
scription of genes associated with central aspects of skeletal
muscle contraction, such as action potential potentiation, cal-
cium release/reuptake, the troponin/tropomyosin complex,
and actin/myosin kinetics. Importantly, for genes down-
regulated in PCKO vs. WT muscle, there was an enrichment
for motifs predicted to be bound by transcription factors cen-
tral to skeletal muscle development and homeostasis [e.g.
myocyte enhancer factor 2A (MEF2A) and myogenic differen-
tiation 1 (MYOD1)] (Figure 4E). To validate the microarray
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findings, we performed qPCR on a subset of genes specific to
contractile function (i.e. sarcoplasmic reticulum/Ca2+,
troponin/tropomyosin complex, actin/myosin kinetics, and
cytoskeleton/extracellular matrix) that were down-regu-
lated/up-regulated in the microarray data, in two additional
skeletal muscle depots, quadriceps (Figure 4F) and gastrocne-
mius (Figure 4G). As part of this, we assessed temporal
changes in gene expression at D1, D3, and D5 in PCKO and
WT mice. In line with reduced contractile function in D3 PCKO
mice, genes associated with muscle function were down-
regulated >50% in PCKO muscle by D3 and, in some cases,

reduced already by D1 (Figure 4G), which implies that these
transcriptional changes parallel the contractile impairments
in PCKO mice.

Protein alterations in skeletal muscle of p300 and
cAMP response element-binding protein-binding
protein knockout mice

To gain insights into how rapid transcriptional changes may
relate to impairments in skeletal muscle function, we next

Figure 3 Abrogated force production at D3 and D5 in PCKO mice. Ex vivo twitch and force–frequency (F-F) measurements in extensor digitorum longus
(EDL) fifth-toe muscle and soleus from mixed male and female PCKO, PZ, CZ, and WT mice. EDL: (A) maximum twitch tension (D1/D3/D5; n = 8/6/5WT
and 7/9/6 PCKO, respectively) and (B) maximum tetanic tension (D1/D3/D5; n = 6/5/5WT and 6/7/6 PCKO, respectively). (C) F-F curves (n = 16WT, n =
6 D1 PCKO, n = 7 D3 PCKO, and n = 6 D5 PCKO). (D) Fusion frequency (D1/D3/D5; n = 6/5/5WT and 6/7/6 PCKO, respectively). (E) F-F curves normalized
to max force (n = 16 WT, n = 6 D1 PCKO, n = 7 D3 PCKO, and n = 6 D5 PCKO). (F) Maximum twitch tension (WT/PCKO, n = 5/6; WT/PZ, n = 10/6; and
WT/CZ, n = 7/8). (G) F-F curves (n = 13 WT, n = 5 PZ, and n = 7 CZ). Soleus: (H) maximum twitch tension (D3/D5; n = 6/4 WT and n = 6/5 PCKO, re-
spectively) and (I) maximum tetanic tension (D3/D5; n = 6/4 WT and 6/5 PCKO, respectively). (J) F-F curves (n = 10 WT, n = 6 D3 PCKO, and n = 5 D5
PCKO). Statistics: Data reported as means ± SEM. (A, B, D, H, and I) Two-way analysis of variance (ANOVA), Bonferroni post hoc test, *P < 0.05, PCKO
vs. WT. (C) Two-way ANOVA, repeated measures, Tukey’s post hoc test,

*
P < 0.05, PCKO D3 and D5 vs. WT and PCKO D1, respectively. (E and J) Two-

way ANOVA, Tukey’s post hoc test, repeated measures, *P < 0.05, PCKO D3 and D5 vs. WT and PCKO D1, respectively; #P < 0.05, PCKO D3 vs. PCKO
D5; @P < 0.05, D5 PCKO vs. WT and PCKO D1, respectively. (F) Two-way ANOVA, Bonferroni post hoc test, *P < 0.05, PCKO/PZ/CZ vs. respective WT
littermate group. (G) Two-way ANOVA, Tukey’s post hoc test, repeated measures, *P < 0.05, CZ vs. WT.
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Figure 4 Down-regulation of major muscle gene programs in PCKO mice. (A) Scatter plot of gene expression profiles in WT and PCKO muscles. The x
and y axes indicate the gene expression levels (log10 transformation). Red dots represent differentially expressed genes in PCKO vs. WT muscle [n = 4
WT, n = 4 PCKO; false discovery rate (FDR) < 0.1]. (B–C) Top 10 overrepresented gene ontology (GO) terms (local FDR < 0.1) for differentially
expressed genes in PCKO vs. WT muscle, (B) biological processes and (C) cellular components. (D) Expression profile [down (blue) and up (red)] for
genes associated with cellular components GO categories in panel C. Numbers in parentheses indicate the number of altered genes (DOWN/UP,
FDR < 0.1). Heat map generated using the ClustVis online tool using log10 transformed probe set intensities for genes differentially expressed (FDR
< 0.1) in PCKO vs. WT mice and associated with the GO:cellular components categories ‘GO:0030017, sarcomere’. The colour ranges from deep
red (high abundance) to deep blue (low abundance); white is no change. (E) Top 10 transcription factor binding motifs enriched in genes down-reg-
ulated (FDR < 0.1) in PCKO vs. WT mice. Bar graph lists enriched motifs (left) and the transcription factors (TFs) predicted to be associated with these
motifs (right). Question marks indicate that the motif is not associated with a TF. (F) mRNA levels of indicated genes in quadriceps normalized to Tbp, in
D5 PCKO mice vs. WT mice (n = 6 WT and n = 6 PCKO). (G) mRNA levels of indicated genes in gastrocnemius muscle normalized to Tbp, in D1, D3, and
D5 PCKO mice compared with WT mice (n = 12 WT, n = 6 D1 PCKO, n = 6 D3 PCKO, and n = 6 D5 PCKO). Statistics: Data reported as means ± SEM. (F)
Student’s t-test, *P < 0.05, PCKO vs. WT. (G) One-way analysis of variance, Bonferroni post hoc test, *P < 0.05, PCKO vs. WT.
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carried out proteome analyses to quantify alterations in pro-
tein content in skeletal muscle of WT, D3, and D5 PCKO mice.
Replicate samples of mouse skeletal muscle tissues were
lysed and proteolytically digested. Following reduction, alkyl-
ation, and solid phase extraction, purified tryptic peptides
were labelled with 10plex tandem mass tag reagents and
then combined for 2D LC–MS/MS analysis. Peptides repre-
sentative of 2745 mouse skeletal muscle proteins were quan-
tified across all three experimental groups. Of these, 446

proteins were determined to be significantly altered (fold-
change >1.25; false discovery rate < 0.1) between either
WT vs. D3 PCKO or WT vs. D5 PCKO (Figure 5A and
Supporting Information, Table S3). To systematically compare
protein expression patterns and associated biomolecular pro-
cesses potentially altered in D3 and D5 PCKO vs. WT mice, we
performed unsupervised hierarchical clustering of all signifi-
cantly altered proteins, followed by GO enrichment analysis.
We determined three primary protein expression patterns

Figure 5 Proteomics analysis of skeletal muscle from PCKO and WT mice. (A) VENN diagrams comparing number of unique or overlapping proteins
differentially expressed [fold-change (FC) >1.25; false discovery rate (FDR) <0.1] in WT vs. D3 PCKO or WT vs. D5 PCKO mice (n = 3 D5 WT, n = 3
D3 PCKO, and n = 3 D5 PCKO). (B) Heatmap of differentially expressed proteins in WT vs. D5 PCKO mice. The colour ranges from deep red (high abun-
dance) to deep blue (low abundance); white is no change. Data were log-2 transformed and subjected to hierarchical cluster analysis, resulting in three
distinct clusters; proteins down-regulated only in D5 (cluster 1) or both D3 and D5 (cluster 2) or up-regulated only in D5 (cluster 3). Boxes present the
top functional annotation terms (gene ontology, biological processes, and FDR < 0.05) associated with each distinct cluster (full list in Supporting In-
formation, Table S4). (C) VENN diagrams depicting the unique and overlapping differentially expressed proteins and genes either up-regulated or
down-regulated in both the proteomics (FC > 1.25, FDR < 0.1) and microarray analysis (FDR < 0.1) of WT and PCKO muscles. (D) Bar graphs show
levels of proteins from TMT-MS data, from D3 and D5 PCKO mice vs. WT mice (n = 3 WT, n = 3 D3 PCKO, and n = 3 D5 PCKO). (E) Enrichment analysis
of cluster 2 (proteins down-regulated in both D3 and D5 PCKO vs. WT mice) using the Mammalian Phenotype Ontology Database (FDR < 0.05). (F) Bar
graph shows proteins from TMT-MS data found within these phenotype ontology terms. Statistics: Data reported as means ± SEM. (D and F) One-way
analysis of variance, Bonferroni post hoc test,

*
PCKO D3 or D5 differentially expressed (FDR < 0.1) compared with WT.
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in skeletal muscle of PCKO vs. WT mice, such that proteins
were down-regulated at D5 only (cluster 1), down-regulated
at D3 and D5 (cluster 2), or up-regulated at D5 only (cluster
3) (Figure 5B). GO enrichment analysis using WebGestalt30 re-
vealed that proteins in each of these clusters were associated
with distinct cellular processes, supporting a model whereby
different cellular functions are temporally affected in D3 vs.
D5 PCKO mice. Proteins in cluster 1 were mainly associated
with peptide metabolism and translation, while proteins in
cluster 2 were associated with cytoskeleton organization
and skeletal muscle development. Proteins in cluster 3 were
associated with intracellular transport and protein localiza-
tion (Figure 5B and Supporting Information, Table S4).

Comparing transcriptomic to proteomic data, only ~3–5%
of the genes that were up-regulated or down-regulated at
D5 in PCKO mice were matched by a significant change in pro-
tein abundance (Figure 5C). For contractile genes down-
regulated in D5 PCKO muscle (Figure 4F), 13 out of 16 pro-
teins were detected using tandem mass tag-MS (Figure 5D);
myopalladin protein levels were reduced in D3 and D5 PCKO;
and myosin heavy chain 7 (MYH7) trended towards being up-
regulated in D5 PCKO mice; however, the remaining 11 pro-
teins were unchanged (Figure 5D). There was also no differ-
ence in the other main MYHs (MYH2, MYH4, or MYH1)
between WT and PCKO mice (Figure 5D). Consequently,
changes in these proteins could not explain the phenotype
of PCKO mice. Considering global changes in the PCKO muscle
proteome, we sought to determine whether any of these
could explain the contractile dysfunction in PCKO mice at
D3 and D5. Thus, we mapped the proteins in cluster 2 to
the Mammalian Phenotype Ontology Database31 using
WebGestalt.30 Interestingly, in line with the abrogated con-
tractile phenotype at D3 and D5 in PCKO mice (Figure 3A–
3C), proteins down-regulated at both the D3 and D5
timepoints were associated with terms such as abnormal
muscle contractility (MP:0005620) and impaired muscle con-
tractility (MP:0000738) (Figure 5E). Cross-referencing the
proteins belonging to these categories (Figure 5F) with the
microarray data (Supporting Information, Table S1) revealed
that all of these proteins, except for xin actin binding repeat
containing 1, were down-regulated at the transcriptional level
in PCKO D5 skeletal muscle (Supporting Information, Table
S1). Taken together, these data suggest that reduced levels
of a discreet set of mRNA and proteins involved in skeletal
muscle contractile function underlie the impaired contractile
phenotype in PCKO mice at D3 and D5.

Discussion

Acetylation of the ε-amino group of lysine residues is a com-
mon post-translational modification that regulates various as-
pects of cellular homeostasis, including mitochondrial energy
metabolism and gene transcription.1–5 Over the past decade,

a significant body of work has investigated the regulation of
skeletal muscle acetylation by lysine deacetylases, including
sirtuin (SIRT) 1 and SIRT3.7,8,32–35 However, surprisingly, little
is known about the contribution of lysine acetyltransferases
to skeletal muscle biology and function. To address this gap
in knowledge, we studied the functionally related proteins
p300 and CBP, which are acetyltransferases with a large inter-
actome (i.e. over 400 bindings partners).12 Using a novel, in-
ducible and skeletal muscle-specific mouse model, we
demonstrate a requirement for p300 together with CBP in
skeletal muscle contractile function, transcriptional homeo-
stasis, and organism survival.

The essential role of p300/CBP in development is well
established.36 Humans with autosomal mutations in p300 or
CBP are characterized by severe developmental abnormali-
ties36; likewise, whole-body KO of p300 or CBP16 or
heterozygous whole-body KO of both p300 and CBP17 in mice
is embryonically lethal. Importantly, while mice with
germline KO of p30021 using muscle creatine kinase-driven
Cre-expression (MCK-Cre) are viable, concurrent MCK-Cre
germline PCKO is embryonically lethal (unpublished observa-
tion, K. Svensson, S.A. LaBarge & S. Schenk). Thus, the embry-
onic lethality in whole-body p300/CBP mouse models could,
at least in part, be due to developmental deficits in skeletal
and/or cardiac muscle, considering that MCK-Cre impacts
both cardiac and skeletal muscle. The lethality phenotype is
not surprising, because at least 190 of the interaction part-
ners of p300/CBP are encoded by genes considered critical
to survival in mice,22 including some specific to skeletal mus-
cle development, such as (MEF2C, MYOD, and myogenin).18–
20 To circumvent these developmental complications and le-
thality, we used an inducible Cre approach specific to skeletal
muscle (i.e. cardiac muscle is not affected),25 which allowed
us to temporally KO p300/CBP in adult mice. Despite this,
we unexpectedly found that ablation of p300 and CBP in skel-
etal muscle of adult mice is lethal. This lethality phenotype is
also present in a pancreatic p300/CBP double-KO model, al-
though these mice were germline KOs and died during em-
bryonic development.37

Skeletal muscle strength and contractile function is inti-
mately linked to health span and organismal survival.38 In
line with this, the rapid lethality of PCKO mice is paralleled
by profound impairments in grip strength, neuromuscular
function, and ability to move, which at the muscle level pre-
sents as an ~85–95% reduction in intrinsic force production.
This force decrement is independent of muscle fibre type,
as it occurs to the same extent in both fast-twitch (EDL)
and slow-twitch (soleus) muscles, and is not accompanied
by a fibre type shift (i.e. altered oxidative capacity). Ulti-
mately, we believe that the lethal phenotype in PCKO mice
is driven by the rapid decline in muscle function, which
severely limits the ability of the mice to move, feed, drink
water, and, perhaps most importantly, their ability to
breathe, due to weakness of diaphragm and intercostal
muscles, a phenotype reminiscent of muscle dystrophy
models.39 The connection between p300/CBP and a
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muscular dystrophy-like phenotype is further supported by
studies in zebrafish. For example, skeletal muscle p300
and CBP expression is reduced in a zebrafish muscular dys-
trophy model,40 while chemical inhibition of p300 and CBP
activity in zebrafish results in a muscular dystrophy-like phe-
notype.18 In fact, overexpression of CBP alone in a zebrafish
dystrophy model is sufficient to ameliorate muscle dam-
age.40 Additionally, our studies using PZ and CZ mice show
that when one allele of either p300 or CBP is present in
skeletal muscle, both the functional and lethality phenotype
of PCKO mice are prevented. These findings underscore the
potential clinical importance of p300 or CBP in skeletal mus-
cle, not only to muscle function but also survival.

p300 and CBP interact with over 400 bindings partners12

and are central transcriptional regulators.9,12–15 Strikingly,
just 5 days after initiating TMX treatment, there were rapid
and substantial transcriptional alterations in PCKO skeletal
muscle, with 3310 differentially expressed genes. Similar to
previous in vitro studies,18 loss of p300 and CBP impacted
gene programs crucial to contractile function and muscle in-
tegrity, with qPCR analysis of select genes revealing that
these changes manifest as early as D1 post-TMX in PCKO
mice. In fact, gene programs critical to all aspects of skeletal
muscle contraction, including signal propagation via ion chan-
nel complexes, calcium release and reuptake at the sarcoplas-
mic reticulum, calcium binding at the thin filaments, and
sarcomere structure and function, were down-regulated in
PCKO mice, which indicates that the presence of p300 and
CBP are required for transcriptional homeostasis in adult skel-
etal muscle. Based on genes down-regulated in PCKO mice,
the activity of two central transcription factors in muscle,
MEF2A and MYOD, was predicted to be reduced. Both p300
and CBP have previously been described in in vitro studies
to interact with and coactivate MYOD and the MEF2 family
member MEF2C.18–20,41–45 Thus, we speculate that the broad
down-regulation of muscle gene programs in PCKO mice
could stem from the role of p300 and CBP in coactivating
these, and other, myogenic transcription factors.

Considering the relatively slow contractile proteins turn-
over in skeletal muscle,46 a key question was whether the
transcriptional changes seen in PCKO muscle at D5 after
TMX underlie the contractile defects and lethality in PCKO
mice. Through quantitative mass spectrometry analysis, we
identified that 95 and 351 proteins were differentially
expressed at D3 and D5, respectively. Despite the small
(~3–5%) overlap between the transcriptional and protein
changes in PCKO mice, phenotype ontology analysis revealed
that proteins down-regulated at both D3 and D5 in PCKO
muscle were enriched in terms associated with impaired mus-
cle contractility and abnormal muscle physiology. In fact, KO
mouse models for some of the proteins down-regulated in
PCKO muscle have been associated with muscle weakness
and impaired contractility (e.g. KLHL4047 and LMOD348).

While reduced levels of these proteins in PCKO mice could
potentially explain the muscle weakness phenotype, the
levels of these proteins are retained at ~70% in PCKO mice
and thus differ substantially from the complete ablation in
KO models.47,48 Accordingly, it is perhaps unlikely that these
changes are the sole mediators of the rapid impairment in
muscle function of PCKO mice. It is also possible that the ma-
jor disruption of gene transcription in PCKO muscle could lead
to reduced proteolysis in order to maintain sarcomere pro-
tein homeostasis. Because mature muscle cells rely on prote-
olysis to clear damaged proteins, this would suggest that
sarcomere contractile function could be compromised even
though sarcomere protein levels in PCKO muscles are
unaltered.

While mainly considered to be nuclear proteins,12,13,15,49

p300/CBP have a strong cytosolic presence and acetylate nu-
merous cytosolic proteins.50–53 Considering that >80% of
contractile proteins in striated muscle are acetylated,6 and
acetylation positively correlates with muscle contractile func-
tion in cardiac54,55 and skeletal muscle,56–58 it is possible that
direct acetylation of contractile proteins by p300/CBP
contributes to the phenotype of PCKO mice. Along this line,
a recent study found that addition of recombinant p300 to
contracting rat myofibres ex vivo improved relaxation
parameters59 supporting a direct role for p300 and acetyla-
tion in regulation of contractile function. Additionally, aside
from acetylation, p300/CBP can regulate intracellular
crotonylation,60,61 propionylation, and butyrylation.62 Thus,
it will be interesting in future studies to address whether
these types of acylations occur in adult mouse skeletal muscle
and whether they, or lysine acetylation by p300/CBP, can di-
rectly impact muscle contractile function.

In conclusion, there are direct clinical implication that can
be drawn from our findings. First, the essential role for
p300 and CBP, and by extension protein lysine acetylation,
in skeletal muscle contractile function described in our study
cautions the current state of thinking in the field, which
implicates hyperacetylation of muscle proteins as negatively
affecting skeletal muscle physiology and metabolic
health.63–65 Second, considering that activators of protein
deacetylases, such as SIRT1 and SIRT3, and inhibitors of
p300/CBP are actively being pursued as treatments or pro-
phylactic interventions for host of diseases, including diabe-
tes, sarcopenia, and cancer, it is imperative that they are
thoroughly vetted so as to ensure that they do not have
unwanted consequences on the force-generating capacity
in skeletal muscle. For example, this is particularly relevant
for cancer-related treatments focused on inhibiting
p300/CBP66–68 as this could further exacerbate impairments
in skeletal muscle function found in many cancer patients.69

Finally, in line with recent studies correlating reduced
p300/CBP content40 or activity18 with development of dystro-
phic phenotype in zebrafish, our study highlights p300 and
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CBP as central regulators of skeletal muscle integrity and
function in mice. Considering the beneficial effect seen with
inhibition of histone deacetylases on muscle function in both
mice and humans with muscular dystrophy,70,71 one goal of
future research should be to help elucidate the potential ben-
eficial effects of increasing acetyltransferase activity, espe-
cially p300/CBP, in the context of muscle dystrophies, as
well as other diseases that are characterized by impaired
muscle function, such as sarcopenia.
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