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ABSTRACT OF THE DISSERTATION

The Contribution of p300/CBP and Acetylation Towards Skeletal Muscle Insulin Action

by

Vitor Fernandes Martins

Doctor of Philosophy in Biomedical Sciences

University of California San Diego, 2020

Professor Simon Schenk, Chair

Impaired insulin-stimulated glucose uptake is a common metabolic disorder in aged and
obese skeletal muscle, with this “insulin resistance” being the primary metabolic defect of type 2
diabetes. At a molecular level, skeletal muscle insulin signaling to glucose uptake is regulated by
a phosphorylation-based, phosphoinositide 3-kinase (PI3K)/Akt-dependent signaling pathway.
However, recent proteomic-based analysis in various tissues, including skeletal muscle, have
identified more than 2000 acetylated, non-nuclear, proteins that impact a broad array of cellular

processes including insulin signaling. The acetyltransferases p300 (E1A binding protein p300) and

X1V



CBP (cAMP response element binding protein binding protein) are phosphorylated and activated
by Akt, and p300/CBP can acetylate downstream insulin signaling and GLUT4 trafficking
proteins, thus giving rise to a putative Akt-p300/CBP axis. Thus, the objective of this Dissertation
was to determine the non-transcriptional importance of p300, CBP, and acetylation to skeletal
muscle insulin sensitivity, for which we utilized small molecule inhibitors and muscle-specific
knockout models. In Study 1, acute inhibition of deacetylases was sufficient to increase acetylation
in L6 myotubes and skeletal muscle, however it did not alter insulin-stimulated glucose uptake or
signaling. In Study 2, single knockout of either p300 or CBP in skeletal muscle did not impact
glucose tolerance or skeletal muscle insulin action under either control, calorie restriction, or high-
fat diet conditions. In Study 3, mice with combined double knockout of p300/CBP in skeletal
muscle were severely glucose intolerant and skeletal muscle insulin resistant. Remarkably, this
glucose intolerance and inability of skeletal muscle to respond to insulin was reversed in mice with
just a single allele of either p300 or CBP. In the p300/CBP double-knockout mice, skeletal muscle
insulin resistance was accompanied by significant downregulation of both mRNA and protein
networks critical for insulin signaling, GLUT4 trafficking, and glucose metabolism. In summary,
acutely increasing acetylation in skeletal muscle does not impact insulin stimulated glucose uptake
or signaling. However, p300/CBP together are critical regulators of skeletal muscle insulin
sensitivity, at least in part, by transcriptional regulation of the insulin signaling and GLUT4

trafficking pathways.
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Chapter 1: Introduction to the Dissertation

Type 2 diabetes (T2D) is a chronic disease which is clinically defined by elevated blood
glucose levels and associated with generalized metabolic dysfunction such as obesity and
dyslipidemia (23, 32, 39, 58). T2D is a source of substantial morbidity for patients, as it is the
primary cause in the United States of non-traumatic toe or foot amputation, adult-onset blindness,
and kidney disease/failure (8, 28, 82). Furthermore, T2D increases mortality risk by 50% compared
to non-diabetics (28). Importantly, the prevalence of T2D is increasing rapidly, more than doubling
between 2000 to 2017, with 9.4% of the US population having T2D currently (9) and projections
estimating 33% of the population having diabetes by 2050 (7). Considering the severity of
complications, the rapidly increasing prevalence, and the high cost of treatment of ~$245 billion
in 2017 (9, 36), understanding the molecular underpinnings of type 2 diabetes could drastically
improve human health, quality of life, and aid in preventing an escalating healthcare crisis.

Insulin is an endocrine hormone released from the pancreas which acts on a variety of
tissues to lower blood glucose levels and promote energy storage. In the liver, insulin acts to reduce
hepatic glucose production and, conversely, in skeletal muscle and adipose tissue insulin
stimulates the uptake of glucose. While the direct pathophysiology of T2D is unknown, studies
suggest that it is a result of a resistance of peripheral tissues to insulin (23, 32, 39, 58). Importantly,
while decreased production of insulin from the pancreas also plays a role in later stages of the
disease (23, 32, 39, 58), peripheral insulin resistance is the initial and primary metabolic defect
that occurs in T2D (29, 50). In conditions that promote insulin resistance, such as obesity and aging

(6,22, 40, 44, 65), insulin has a decreased ability to act upon peripheral tissues, leading to elevated



blood glucose levels. Considering skeletal muscle accounts for as much as 85% of insulin-
stimulated peripheral glucose disposal (17, 18, 49), and this is impaired in skeletal muscle during
T2D (17, 27, 62), developing drugs targeted at improving skeletal muscle insulin resistance could
be an effective strategy in the management of T2D.

To better design approaches to improve skeletal muscle insulin sensitivity, it is necessary
to outline the current model of insulin-stimulated glucose transport. Insulin stimulation to glucose
transport is mediated by a phosphorylation-dependent, two-part pathway. First insulin stimulation
leads a phosphoinositide 3-kinase (PI3K)/Akt dependent signaling cascade (49, 73). Subsequently,
downstream Rab GTPases are activated to traffic glucose transporter 4 (GLUT4) from the peri-
nuclear region to the plasma membrane, allowing for facilitated transport of glucose into the cell
(49, 73). Notably, glucose transport in adipocytes require both the described PI3K/Akt pathway,
as well as the APS (adaptor protein with PH and Src homology 2 (SH2) domain) pathway (49),
however, the requirement of the APS pathway in skeletal muscle is unknown (49), and therefore
will not be discussed. Importantly, efforts to improve insulin action by targeting phosphorylation-
based signaling have generally been unsuccessful (13), in part due to the pleiotropic nature of
PI3K/Akt signaling. For example increased PI3K/Akt signaling/activity underlies many cancers
(Reviewed in (1, 16, 59)). Indeed, hyperglycemia and hyperinsulinemia are common toxicities of
anti-cancer drugs targeting the PI3K/Akt pathway (4, 38, 63), thus, conversely, efforts to improve
insulin action via enhancing PI3K/Akt signaling may be carcinogenic. Therefore, identifying novel
signals, downstream of the phosphorylation-based PI3K/Akt pathway, has great potential to
improve human health and quality of life by uncovering more specific ways to enhance insulin
action.

In searching the literature for processes that may play a role in the regulation of insulin



signaling and GLUT4 trafficking, lysine acetylation is revealed as a promising candidate.
Acetylation is a highly-abundant post-translational modification (PTM) that regulates protein
function (30, 47, 76, 84), much like phosphorylation. Initially, the importance of lysine acetylation
to cellular homeostasis was thought to occur strictly via its ability to regulate histone function and
gene transcription (74). However, recent proteomic-based analysis in various tissues, including
skeletal muscle, have identified more than 2,000 acetylated, non-histone, proteins that impact a
broad array of cellular processes (11, 41, 53, 80, 84). In fact, many of these proteins are found in
the cytoplasm and are central to numerous metabolic pathways including glucose and amino acid
metabolism, membrane trafficking and insulin signaling (11, 41, 47, 80, 84). While recent
literature demonstrates that acetylation can act to impact cytosolic protein function, including
proteins critical to insulin action (5, 70, 83), which proteins are responsible for the changes in their
acetylation status, and how protein acetylation status alters insulin action non-transcriptionally is
largely unknown.

While lysine acetylation is a balance of acetyltransferase and deacetylase activity, which
add or remove acetyl groups, respectively (12), the deacetylases have been much more heavily
studied in relation to insulin sensitivity. There are 18 known deacetylases that are divided into 2
families: the zinc-dependent histone deacetylases (HDACs) and NAD*-dependent sirtuins (12).
Both the HDACs (55, 60, 69, 72, 79) and the sirtuins (2, 24, 48, 68, 71) have been implicated in
the regulation of insulin-stimulated glucose uptake in skeletal muscle. The mechanism of action
for this regulation appears to primarily occur via deacetylation of transcriptional regulators and/or
histones, and subsequent changes in the transcription of insulin signaling proteins (55, 60, 68, 79).
Notably, previous studies have demonstrated that pharmacological inhibition of deacetylases

enhances insulin action in skeletal muscle (26, 55, 60, 69, 72), but because incubation times were



for over 24h hours, this enhancement could be via changes in transcription of insulin signaling
proteins, acetylation of cytosolic insulin signaling proteins, or a combination of the two. Thus, the
ability of deacetylases to non-transcriptionally regulate insulin-stimulated glucose uptake,
particularly in insulin-responsive tissues such as skeletal muscle, remains to be explored.

Although acetylation is a balance of acetyltransferase and deacetylase activity, the
contribution of acetyltransferases towards skeletal muscle insulin sensitivity has been grossly
understudied. There are 22 acetyltransferases in human and mouse cells (42), any of which could
potentially be important for altering the acetylation status and function of cytosolic insulin
signaling proteins. However, for our studies, we chose to focus on acetyltransferases p300 (E1A
binding protein p300) and CBP (cAMP response element binding protein [CREB] binding protein)
for a number of reasons. Firstly, p300/CBP have a robust cytosolic presence (3, 21, 66). This is
essential if they are to acetylate proteins involved in insulin signaling and GLUT4 trafficking, all
of which are located in the cytosol. Although p300 and CBP are well known histone (i.e. nuclear-
located) acetyltransferases (52, 57, 81), they have well-defined cytosolic substrates (3, 15, 21, 46,
75). Another important example includes platelets, which are anuclear, where over 200 proteins
are acetylated by p300, including proteins involved in glucose metabolism (3).

Another reason for focusing on p300/CBP is because they are phosphorylated by both
insulin stimulation (35, 77, 85) and Akt (37, 51, 52, 67). Akt is an obligatory protein in the insulin
signaling pathway, with activation of Akt alone (without activation of upstream proteins) being
sufficient to induce GLUT4 translocation to the plasma membrane (14, 20, 43, 56). Hence, it would
be valuable to focus on acetyltransferases that have the potential to be phosphorylated by Akt. To
this end, p300/CBP are the only acetyltransferases that are verified Akt substrates in the literature

(10, 37, 51, 64, 67, 78). In addition, studies in 293T, HepG2, A549, OSU-2, and hepatic stellate



cells demonstrate that phosphorylation of p300/CBP, by Akt (19, 31, 37, 51, 67, 78), increases
their acetyltransferase activity (37, 51, 52, 67), although this is not a universal finding (52).

Lastly, p300/CBP can acetylate insulin signaling and GLUT4 trafficking proteins
downstream of Akt (80). A recent study utilizing a combination of inhibitors and genetic knockouts
of p300/CBP in mouse embryonic fibroblasts have allowed for the identification of the p300/CBP
regulated acetylome (80). Examples of insulin signaling and GLUT4 trafficking proteins
downstream of Akt whose acetylation is regulated by p300/CBP include RABS, RABI10, tether
containing UBX domain for GLUT4 (TUG), kinesin family member 5B (KIF5B), and exocyst
complex component 3 (EXOC3). This background, taken together, lends critical evidence to the
existence of a possible Akt-p300/CBP axis, in which Akt phosphorylates and activates p300/CBP
which, in turn, acetylates downstream proteins within the insulin signaling and GLUT4 trafficking
pathway (Figure 1.1).

In conclusion, the current phosphorylation-based model of insulin signaling lacks viable,
druggable, targets due to the pleiotropic nature of PI3K/Akt signaling (1, 16, 59). Thus, to address
this, we propose acetylation, as a complement to phosphorylation, in the regulation of insulin-
stimulated glucose uptake. The three studies of this Dissertation were designed to test the
hypothesis that p300/CBP mediated acetylation in skeletal muscle is required for insulin action.
Specifically, since chronic inhibition of deacetylases enhances skeletal muscle insulin action, in
Study 1 we investigated whether acute inhibition of deacetylases would also enhance insulin
action. Furthermore, because of the outlined premise that insulin signaling to glucose uptake could
be regulated via a putative Akt-p300/CBP axis, in Study 2 and 3 we determined the contribution

of p300 and/or CBP to skeletal muscle insulin-stimulated glucose uptake.
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Figure 1.1. Regulation of insulin-stimulated glucose uptake. Canonical insulin signaling (left)
is mediated by a phosphorylation-dependent (P), Akt-mediated signaling pathway leading to the
translocation of GLUT4 to the plasma membrane, allowing for facilitated transport of glucose
(blue hexagons). This Dissertation (right) proposes an additional, but necessary level of regulation
by acetylation (Ac), in which Akt phosphorylates p300/CBP, leading to acetylation of downstream
GLUTH4 trafficking proteins, inducing GLUT4 trafficking and glucose uptake.
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CHAPTER 2

Acute inhibition of protein deacetylases does not impact skeletal muscle insulin action

Abstract

Introduction: Whether the histone deacetylase (HDAC) and sirtuin families of protein
deacetylases regulate insulin-stimulated glucose uptake, independent of their transcriptional
effects, has not been studied. Our objective herein was to determine the non-transcriptional role of
HDAC:s and sirtuins in regulating skeletal muscle insulin action.

Methods: Basal and insulin-stimulated glucose uptake and signaling, and acetylation were
assessed in L6 myotubes and skeletal muscle from C57BL/6J mice that were treated acutely (1
hour) with HDAC (trichostatin A, panobinostat, TMP195) and sirtuin inhibitors (nicotinamide).

Results: Treatment of L6 myotubes with HDAC inhibitors, or skeletal muscle with a
combination of HDAC and sirtuin inhibitors increased tubulin and pan-protein acetylation,
demonstrating effective impairment of HDAC and sirtuin deacetylase activities. Despite this,
neither basal or insulin-stimulated glucose uptake or insulin signaling were impacted.

Conclusions: Acutely reducing the deacetylase activity of HDACs and/or sirtuins does not

impact insulin action in skeletal muscle.
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Introduction

Insulin-mediated glucose uptake by skeletal muscle is posited to occur through
phosphorylation-based signaling (9). Interestingly, various proteins within the insulin signaling
and GLUT4 trafficking pathway are reversibly acetylated on lysine residues (3, 11, 27), with direct
changes in their acetylation altering their activity (3, 23, 27). Lysine acetylation is a balance
between the activity of protein acetyltransferases and deacetylases, which add and remove acetyl
groups, respectively (5). There are 18 known deacetylases that are divided into 2 families: the zinc-
dependent histone deacetylases (HDACs) and NAD"-dependent sirtuins (5). Indeed, both the
HDACs (17, 20, 22, 25, 26) and the sirtuins (1, 7, 13, 21, 24) have been implicated in the regulation
of insulin-stimulated glucose uptake in skeletal muscle. Importantly, however, this regulation
appears to primarily occur via acetylation of transcriptional regulators and/or histones, and
subsequent changes in the transcription of insulin signaling proteins (17, 20, 21, 26). To our
knowledge, the ability of these deacetylases to non-transcriptionally (i.e. “directly”) regulate
insulin-stimulated glucose uptake, particularly in insulin-responsive tissues such as skeletal
muscle, has not been thoroughly studied. Notably, while previous studies have demonstrated that
pharmacological inhibition of deacetylases enhances insulin action in skeletal muscle (8, 17, 20,
22, 25), because incubation times were for multiple days, this enhancement could be via changes
in transcription of insulin signaling proteins, acetylation of cytosolic insulin signaling proteins, or
a combination of the two.

Thus, the primary goal of this study was to investigate the non-transcriptional contribution
of HDAC:s and sirtuins to insulin-mediated glucose uptake in skeletal muscle. For this, we assessed

basal- and insulin-stimulated glucose uptake in L6 myotubes and mouse skeletal muscle after brief
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(i.e. 1 hour) pharmacological inhibition of HDACs and/or sirtuins. We hypothesized that, similar
to chronic inhibition, acute inhibition of deacetylases would augment insulin-stimulated glucose

uptake in skeletal muscle.
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Methods

Cell culture conditions. L6 myoblasts were maintained in Minimum Essential Media a
(MEMa) with 10% fetal bovine serum (FBS) at 5% CO> and 37°C. Myoblasts were differentiated
into myotubes in MEMa with 2% FBS for 4 days.

Inhibitors. Trichostatin A (9950S) was from Cell Signaling, nicotinamide (98092-0) was
from Sigma-Aldrich, panobinostat (A8178) was from Apexbio Technology, and TMP195 was
from Selleck Chemical (NC1452975). The ICso for inhibitors is shown in Table 1.1 (2, 4, 14).

Flow cytometry. L6 myoblasts were serum-starved, in suspension, for 3 hours in 0.5%
fatty-acid free BSA in MEMa, followed by 1.5 hours in HEPES-buffered Krebs-Ringer
bicarbonate buffer (HKRB; 10mM HEPES, 4.8mM KCL, 1mM CaCl,, ImM MgCl,, 0.5% fatty-
acid free BSA in Dulbecco's Phospho-buffered saline [DPBS]) with DMSO or inhibitors, at 37 °C.
Myoblasts were fixed in 2% paraformaldehyde at room temperature (RT) for 30 minutes, washed
2x with DPBS, permeabilized with 0.5% saponin at RT for 30 minutes, and incubated with Alexa
Fluor-647-labeled acetylated-lysine (Ac-Lys; 1:20 dilution; Biolegend 623405) at RT for 30
minutes. Cells were then washed 1x with DPBS and resuspended in 500uL DPBS. Flow cytometric
acquisitions were performed using a ZES5 Cell Analyzer (Bio-Rad) and analyzed using FloJo
(Treestar, Ashland, OR). In all cases at least 5,000 cells were counted.

L6 myotube 2-deoxy-D-glucose uptake. L6 myotubes were treated, as above, but
adherent to 24-well plates. For the last 30 minutes in HKRB, 100nM insulin was present, followed
by a 10 minute incubation with 1mM 2-[?*H]-deoxy-D-glucose (2DOG; 6 mCi/mmol,
PerkinElmer). Cells were washed twice with ice-cold DPBS, lysed with 1M NaOH, neutralized

with 1M HCI, and radioactivity of cell lysates were measured using a liquid scintillation counter.
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Radioactivity was normalized to the protein concentration of each sample, using the Pierce BCA
protein assay kit. Data was normalized to cells treated with DMSO and no insulin, within each
experiment.

Immunoprecipitation. Protein A and G magnetic beads (25/25 pL; Bio-Rad Laboratories,
Hercules, CA, USA) were washed three times with PBS with 0.1% Tween 20 (PBS-T). Anti-
acetyl-lysine (AACO1; Cytoskeleton, Denver, CO, USA) was then added to the bead mixture and
rotated end over end for 1 hour (4°C). Subsequently, beads were washed three more times with
PBS-T and then 180 pg of whole cell lysate, from the tibialis anterior, were added and the samples
were rotated overnight (4°C). The following morning, beads were washed three times with PBS-
T, and antigens were eluted with 1X Laemmli sample buffer (40 uL). Samples were boiled for 6
min, and lysate was removed from protein A/G magnetic beads via a magnetic rack (Bio-Rad)
prior to SDS-PAGE.

Immunoblotting. Equivalent amounts of protein (15 pg) were separated on XT Criterion
Precast gels (Bio-Rad) under reducing conditions, and transferred to Amersham Protran
nitrocellulose membranes (MilliporeSigma, Burlington, MA, USA). Membranes were reversibly
stained with a ponceau S solution (0.1% (w/v) ponceau S in 5% acetic acid), blocked in 5%
milk/TBST and incubated overnight in primary antibodies. Subsequently, membranes were
incubated for 1 h at room temperature in relevant secondary antibodies and developed using
chemiluminescence horseradish peroxidase. For immunoblotting, all antibodies were used at a
dilution of 1:1000. Akt (CS 9272B), phosphorylated (p)Akt'3%® (CS 9275), pAkt>*73 (CS 4058),
glycogen synthase kinase 3 o/f (GSK3a/B; CS 5676), pGSK3a/B321° (CS 9331), eukaryotic
elongation factor 2 (eEF2; CS 2332), acetylated-tubulin (Ac-tubulin; CS 5335) and tubulin (CS

2148) were from Cell Signaling. Densitometric analysis of immunoblots was performed using
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Image Lab (Bio-Rad, Hercules, CA, USA). Phosphorylated and acetylated protein abundance was
normalized to respective total protein abundance. Gels used for silver staining were assayed
according to manufacturer’s instructions (Pierce Silver Stain Kit 24612; Thermo Scientific,
Waltham, MA, USA). All bands on the silver stain were quantified together (excluding the IgG
bands) and normalized to the IgG band at 25 kDa.

Mice. Studies were conducted in female C57BL/6J mice housed in a conventional facility
with a 12-h light/12-h dark cycle. Procedures were carried out with the approval of, and in
accordance with, the Animal Care Program and Institutional Animal Care and Use Committee at
the University of California, San Diego.

Muscle 2DOG uptake. Ex vivo muscle insulin sensitivity was measured by the 2DOGU
technique as previously described (16, 21), with some modifications. Fasted (4 hours) mice were
anesthetized and paired soleus and extensor digitorum longus (EDL) muscles were incubated at
35°C for 60 minutes in oxygenated (95% 02, 5% CO2) flasks of Krebs-Henseleit buffer (KHB)
containing 0.1% BSA, 2 mM Na-pyruvate, and 6 mM mannitol plus DMSO or inhibitors. After 60
minutes, muscles were transferred to a second flask and incubated at 35°C for 20 minutes in KHB
plus 0.1% BSA, 9 mM [14C]-mannitol (0.053 mCi/mmol; PerkinElmer), and 1 mM [3H]-2DG (6
mCi/mmol; PerkinElmer), with muscles from one side being exposed to insulin (60 pU/ml [0.36
nM]; Humulin R, Eli Lilly and Company) and the contralateral side to no insulin. During this
incubation, muscles continued to be incubated with DMSO or inhibitors. After the second
incubation phase, muscles were blotted on ice cold filter paper, trimmed, freeze-clamped, and then
stored (—80°C).

Statistical analysis. Statistical analyses were performed using Prism 8 (GraphPad

Software Incorporated, La Jolla, CA). L6 myotube 2DOG uptake, muscle 2DOG uptake, and
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phosphorylated-proteins (Insulin x inhibitor) were analyzed by 2-way ANOVA. Acetylated-
tubulin in L6 myotubes, and Ac-Lys flow cytometry were analyzed by 1-way ANOVA with
Tukey’s multiple comparison test. Muscle insulin-stimulated 2DOG uptake, and acetylated-

tubulin and Akt were analyzed by Student’s #-test. All data are expressed as mean = SEM.
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Results

Acute inhibition of HDACs does not affect insulin-stimulated glucose uptake in L6
myotubes. Treating L6 myoblasts for 1.5h with the pan-HDAC inhibitor trichostatin A led to a
dose-dependent increase in lysine-acetylated proteins, as assessed by flow cytometry (Figure 2.1A-
C). Validating this flow-based approach, the difference in signal between unstained L6 myoblasts
and stained but unpermeabilized (i.e. no saponin) L6 myoblasts was not statistically significant
(Figure 2.1C). In addition to increasing pan-protein lysine acetylation, trichostatin A dose-
dependently increased the acetylation of a cytosolic target of HDACs, tubulin, in L6 myotubes
(Figure 2.1D). Insulin increased glucose uptake ~2.5-fold in DMSO-treated L6 myotubes, as
compared to basal (Figure 2.1E). One-hour pre-treatment with increasing doses of trichostatin A
did not impact basal or insulin-stimulated 2DOG uptake in L6 myotubes (Figure 2.1E).
Furthermore, basal and insulin-stimulated phosphorylation of Akt™3%, Akt54"3, and GSK3B% were
comparable between DMSO- and trichostatin A-treated L6 myotubes, regardless of the trichostatin
A concentration (Figure 2.1F-G). Similarly, while one-hour pre-treatment of L6 myotubes with an
alternate HDAC inhibitor, panobinostat, dose-dependently increased tubulin-acetylation, basal and
insulin-stimulated glucose uptake were comparable to DMSO-treated myotubes (Figure 2.1H).
Since we were interested in the non-nuclear effects of inhibiting HDACs, we utilized TMP195
which is a potent inhibitor of the class [la HDACs (14), which are, at least partly, found in the
cytosol (10). Nevertheless, one-hour pre-treatment with TMP195 had no effect on basal or insulin-
stimulated glucose uptake (Figure 2.11). Lastly, we utilized a combination of trichostatin A (4uM)
and nicotinamide (ImM, 10mM, 20mM) in order to inhibit both the HDAC and sirtuin families in

L6 myotubes. Joint pre-incubation of L6 myotubes with trichostatin A and nicotinamide for 1 hour
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did not affect basal or insulin-stimulated 2DOG uptake, as compared to DMSO (Figure 2.1J).
Concurrent inhibition of HDACs and sirtuins does not affect insulin-stimulated
glucose uptake in skeletal muscle ex vivo. To validate these in vitro findings, we studied mature
mouse skeletal muscle. Pre-treatment of mouse soleus with trichostatin A (4puM) and nicotinamide
(20mM) for 1-hour resulted in a ~20% increase in total protein acetylation, as measured in
immunoprecipitates using a pan acetyl-lysine antibody (Figure 2.2A), and an ~8-fold increase in
acetylated-tubulin (Figure 2.2B); however, there were no changes in acetylated-Akt (Figure 2.2B).
Pre-treatment of either the soleus or EDL with trichostatin A and nicotinamide did not affect basal,
insulin, or insulin-stimulated (i.e. insulin 2DOG uptake minus basal 2DOG uptake) 2DOG uptake,
as compared to DMSO treatment (Figure 2.2C-D). Likewise, basal and insulin-stimulated
phosphorylation of AktD%, Akt>*73 and GSK3B% were comparable between DMSO- and

trichostatin A and nicotinamide-treated EDL muscles (Figure 2.2E).
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Discussion

Both the HDAC (17, 20, 22, 25, 26) and sirtuin (1, 7, 13, 21, 24) deacetylase families have
been extensively studied for their role in the transcriptional modulation of skeletal muscle insulin
action. However, as insulin signaling and GLUT4 trafficking proteins can be reversibly acetylated
(3, 11, 23), which alters their function (3, 23, 27), it is possible that HDACs and sirtuins could also
impact skeletal muscle insulin action through non-transcriptional mechanisms. To address this, we
acutely inhibited the HDAC and/or sirtuin deacetylase families for one hour and assessed insulin-
stimulated glucose uptake in L6 myotubes and mature mouse skeletal muscle. Our results
demonstrate that brief inhibition of the HDAC and/or sirtuin families does not impact insulin-
stimulated glucose uptake or signaling in skeletal muscle.

Using both knockdown and overexpression models, several of the eleven HDACs have been
implicated in the transcriptional regulation of insulin signaling proteins (17, 20, 22, 25, 26). For
example, HDACs 4 and 9 work in conjunction with HDACS, to transcriptionally repress the
GLUT4 gene via the deacetylation of GLUT4 enhancer factor and myocyte enhancer factor 2 (17,
20, 26). When considering inhibitor-based studies, 24-hour treatment with trichostatin A, a
commonly used HDAC inhibitor, increases insulin-stimulated glucose uptake, and
phosphorylation of Akt54”3 and GSK3B% in C2C12 myotubes (22). This increase, however, is not
manifested with 6 or 12 hours of treatment (22). Likewise, at least 24 hour treatment with another
HDAC inhibitor, scriptaid, increased GLUT4 mRNA expression in human primary muscle cells
(17, 20), basal and insulin-stimulated glucose uptake in L6 myotubes (20, 25), and insulin-
stimulated glucose uptake in isolated EDL muscles of obese mice (8). Importantly, however,

treatment with scriptaid or trichostatin A for less than 24 hours does not increase insulin-stimulated
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glucose uptake in L6 myotubes (25). In accordance with previous studies, we demonstrate that
brief (1 hour) pre-treatment with HDAC inhibitors (trichostatin A, panobinostat, or TMP195) did
not improve basal or insulin-stimulated glucose uptake in L6 myotubes. Furthermore, while acute
treatment with trichostatin A was sufficient to increase both pan acetylation and acetylation of a
cytosolic HDAC target (tubulin), it did not alter insulin-stimulated phosphorylation of Akt™8,
Akt3*73, or GSK3B% in L6 myotubes. Hence, our results, together with the previous literature,
demonstrate that HDAC inhibitors likely improve insulin action through transcriptional
mechanisms.

The contribution of the sirtuins to skeletal muscle insulin action has been heavily studied (1,
7,13,21,24). In L6 myotubes, SIRT1 overexpression increases, while SIRT1 knockdown reduces,
insulin-stimulated phosphorylation of Akt (7). Furthermore, prolonged incubation (6 hours) of
HA4IIE rat hepatoma liver cells with nicotinamide reduces insulin-stimulated phosphorylation of
Akt (27). Conversely, however, SIRT2 knockdown improves insulin-stimulated glucose uptake
and phosphorylation of Akt and GSK3 in C2C12 myotubes grown in insulin-resistant conditions
(1). In in vivo mouse models, knockout or overexpression of SIRT1 in skeletal muscle does not
impact insulin sensitivity (21, 24), although SIRTI1 does mediate calorie restriction-induced
enhancement of skeletal muscle insulin sensitivity via a transcriptional mechanism (21).
Furthermore, mice with whole-body knockout of SIRT2 have impaired skeletal muscle insulin
sensitivity, while mice with a knockout of SIRT2 (12) or SIRT3 (13) have exacerbated skeletal
muscle insulin resistance while on a high-fat diet; however, due to the whole-body nature of these
models it is not possible to determine the role of SIRT2 or SIRT3 in skeletal muscle, per se.
Regardless, these studies do not discern whether sirtuins regulate insulin action via transcriptional

or non-transcriptional mechanisms. Addressing this, we found that insulin-stimulated glucose
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uptake in L6 myotubes is not affected by acute incubation with trichostatin A and nicotinamide.
Similarly, in mature mouse muscle, while acute treatment with trichostatin A and nicotinamide
was sufficient to increase overall protein acetylation, including increased acetylated-tubulin, there
was no effect on insulin-stimulated glucose uptake, regardless of muscle fiber type. Furthermore,
acute trichostatin A and nicotinamide treatment did not alter acetylated-Akt levels or insulin-
stimulated phosphorylation of Akt™%, Akt>*7®, or GSK3B%°. Hence, while there is evidence for
both sirtuins and HDAC:s altering insulin action in skeletal muscle via transcriptional mechanisms,
our data demonstrate that short-term, pan-inhibition of deacetylases does not alter skeletal muscle
insulin sensitivity.

While the purpose of the study was to determine the effects of acute deacetylase inhibition, a
possible limitation was our choice of incubation time. Importantly, in both L6 myotubes and
mature mouse muscle, pan-acetylated proteins as well as acetylated tubulin, which is a cytosolic
target of deacetylases (6), was significantly increased by only 1 hour treatment with deacetylase
inhibitors. Furthermore, time-course studies in C2C12 myotubes and SH-SY5Y neuroblastoma
cells have established that 3-4 hours incubation with trichostatin A is the earliest time point at
which there are significant changes in mRNA expression of HDAC target genes, with no
significant changes at 1-2 hours of treatment (15, 18, 19). Together with this, previous studies only
demonstrate changes to insulin signaling and/or glucose uptake with at least 24 hours of treatment
with inhibitors of deacetylases (8, 22, 25). Therefore, we believe that the one-hour preincubation
period used was sufficient to impair HDAC and/or sirtuin function and sufficiently short to
investigate insulin action independent of effects on gene expression.

In summary, we studied the non-transcriptional role of HDACs and sirtuins in the regulation

of insulin action in skeletal muscle. In contrast to our hypothesis, we found that acute, pan-
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inhibition of HDACsSs and/or sirtuins in L6 myotubes or mature mouse muscle does not enhance
insulin-stimulated signaling or glucose uptake. Taken together, our results suggest that
deacetylases do not “directly” modulate skeletal muscle insulin action, but rather do so “indirectly”

via transcriptional mechanisms.
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Table 2.1. ICs¢'s for inhibitors used

Deacetylase Class

I (HDACsS) II (HDACsS) IIT (Sirtuins)

Trichostatin A ~10 nM ~1 pM

Panobinostat ~100 nM ~100 nM

TMP195 >100 nM ~100 nM

Nicotinamide ~100 puM

HDAC, histone deacetylase.
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Figure 2.1. Acute inhibition of HDACS increases acetylation but does not alter insulin-
stimulated glucose uptake in L6 myotubes. A-B) Representative experiment and C) mean
fluorescence intensity for total acetylated-proteins in unstained, stained without saponin, DMSO,
and trichostatin A (TSA) treated L6 myoblasts, as analyzed by flow cytometry. Representative of
4 independent experiments. D) Representative image and quantification for acetylated-tubulin
(Ac-Tubulin) and total tubulin in L6 myotubes pre-treated for 1 hour with DMSO or TSA.
Normalized basal and insulin (100nM) 2-deoxy-glucose (2DOG) uptake in L6 myotubes pre-
treated for 1 hour with DMSO or E) TSA, H) Panobinostat (PANO), I) TMP195, or J) TSA (4uM)
and nicotinamide (NAM). F) Representative image and G) quantification of Phospho-Akt308
(pAktT39), pAkt™473, total Akt, pGSK3B%, and total GSK3p in basal and insulin-stimulated (- and
+, respectively) L6 myotubes pre-treated with or without TSA for 1 hour. #, p<0.05 1-way
ANOVA with Tukey multiple comparison test. *, p<0.05 2-way ANOVA main effect of insulin.
Trichostatin A treatment western blots are representative of 2 independent experiments and 2DOG
uptake assays are representative of 3 independent experiments. Data reported as mean = SEM.
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Figure 2.2. Concurrent inhibition of HDACs and sirtuins does not affect insulin-stimulated
glucose uptake in skeletal muscle ex vivo. A) Silver stain of acetyl-lysine immunoprecipitates
from DMSO or trichostatin A and nicotinamide treated soleus muscles (TSA+NAM; 4 uM TSA
and 20mM NAM). B) Quantitation and representative images of acetylated-tubulin (Ac-Tubulin),
tubulin, acetylated-Akt (Ac-Akt), and Akt from DMSO or TSA+NAM treated soleus muscles. Ac-
Akt was determined by immunoprecipitation (IP) with an acetyl-lysine antibody and subsequent
immunoblotting (IB) with an Akt antibody. C-D) Basal 2DOG uptake (2DOGU), insulin (0.36
nM) 2DOGU, and insulin-stimulated 2DOGU (I-Stim; calculated as insulin 2DOGU — basal
2DOGU) in isolated C) soleus and D) extensor digitorum longus (EDL) muscles, from female
C57BL/6J mice, pre-treated for 1 hour with DMSO or TSA+NAM. E) Representative image and
quantification of Phospho-Akt™% (pAkt™3%%), pAkt™473, total Akt, pGSK3B°, and total GSK3p in
basal and insulin-stimulated (- and +, respectively) EDL muscles pre-treated with DMSO or
TSA+NAM for 1 hour. DMSO (n=5), TSA+NAM (n=6). #, p<0.05 unpaired Student’s z-test. *,
p<0.05 2-way ANOVA, main effect of insulin. Data reported as mean + SEM.
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CHAPTER 3

Germline or inducible knockout of p300 or CBP in skeletal muscle does not alter insulin

sensitivity

Abstract

Introduction: Akt is a critical mediator of insulin-stimulated glucose uptake in skeletal
muscle. The acetyltransferases, E1A binding protein p300 (p300) and cAMP response element-
binding protein binding protein (CBP) are phosphorylated and activated by Akt, and p300/CBP
can acetylate and inactivate Akt, thus giving rise to a possible Akt-p300/CBP axis. Our objective
was to determine the importance of p300 and CBP to skeletal muscle insulin sensitivity.

Methods: We used Cre-LoxP methodology to generate mice with germline (muscle
creatine kinase promoter [P-MCK and C-MCK]) or inducible (tamoxifen-activated, human
skeletal actin promoter [P-iIHSA and C-iHSA]) knockout of p300 or CBP. A subset of P-MCK and
C-MCK mice were switched to a calorie restriction diet (60% of ad libitum intake) or high-fat diet
at 10 weeks of age. For P-iHSA and C-iHSA mice, knockout was induced at 10 weeks of age. At
13-15 weeks of age, we measured whole-body energy expenditure, oral glucose tolerance and/or
ex vivo skeletal muscle insulin sensitivity.

Results: While p300 and CBP protein abundance and mRNA expression was reduced 55-
90% in p300 and CBP knockout mice, there were no genotype differences in energy expenditure

or fasting glucose and insulin concentrations. Moreover, neither loss of p300 or CBP impacted

34



oral glucose tolerance or skeletal muscle insulin sensitivity, nor did their loss impact alterations in
these parameters in response to a calorie restriction or high-fat diet.
Conclusions: Muscle-specific loss of either p300 or CBP, be it germline or in adulthood,

does not impact energy expenditure, glucose tolerance or skeletal muscle insulin action.
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Introduction

Protein lysine acetylation alters the function of thousands of proteins, and by extension,
impacts the biological processes that they comprise (1, 9, 34, 71, 75, 82). Initially, the importance
of lysine acetylation to cellular homeostasis was thought to occur via its ability to regulate histone
function and gene transcription (70). However, recent proteomic-based analysis in various tissues,
including skeletal muscle, have identified more than 2000 acetylated, non-histone, proteins that
impact a broad array of cellular processes (9, 34, 44, 75, 82). In fact, many of these proteins are
not only found in the cytoplasm, but they are central to numerous metabolic pathways, including
glucose and amino acid metabolism, membrane trafficking and insulin signaling (9, 34, 37, 75,
82).

The acetylation status of lysine residues within a protein is primarily regulated by the
activity of acetyltransferases and deacetylases, which add or remove acetyl groups, respectively
(10). Considering acetyl-CoA 1is both the substrate used by acetyltransferases to acetylate lysine
residues and a hub metabolite within carbohydrate, lipid and protein metabolism, it is logical to
think that acetyltransferases, and by extension, acetylation, could play a key role in the regulation
of pathways central to cellular metabolic homeostasis, such as insulin action. Nevertheless, while
the contribution of deacetylases, particularly the sirtuins (SIRT1) 1 and SIRTS3, to skeletal muscle
insulin sensitivity has been heavily studied (30, 40, 62, 68, 77, 78), no studies to date have
investigated the contribution of acetyltransferases.

Akt isoform 2 (Akt2) is required for insulin-stimulated glucose uptake in skeletal muscle
(8, 39, 49), with its regulation traditionally thought to occur through phosphorylation (5).

Interestingly, however, in HeLa cells the Akt isoform 1 (Aktl) was found to be acetylated on lysine
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(Lys) 14 and Lys20 by the acetyltransferase E1A binding protein p300 (p300), with acetylation on
these residues decreasing Akt activity (66). In addition, studies in 293T, HepG2, A549, OSU-2,
and hepatic stellate cells demonstrate that phosphorylation of p300 and its functional homolog,
cAMP response element-binding protein binding protein (CBP), by Akt (13, 18, 27, 42, 61, 74),
including Aktl (27, 42, 43, 61), increases their acetyltransferase activity (27, 42, 43, 61), although
this is not a universal finding (43). Taken together, these studies provide evidence for reciprocal
regulation between Akt and p300/CBP, and by extension, it is possible that p300 and CBP could
be important to the regulation of insulin signaling to glucose uptake. Supporting this, p300 and
CBP have a strong cytosolic presence (3, 17, 60), which is important if they are to directly regulate
Akt and/or other insulin signaling proteins. Also, p300 and CBP acetylate numerous cytosolic
proteins (12, 36, 64, 75), including proteins that are fundamental to insulin signaling and GLUT4
trafficking (36, 64, 75), and in the liver insulin stimulation leads to phosphorylation of CBP (21,
83). Nevertheless, whether p300 or CBP, or for that matter acetyltransferases in general, mediate
insulin action in skeletal muscle is unknown.

p300 and CBP share 61% sequence homology across the entire protein and ~80-90%
sequence homology in the acetyltransferase domain (2, 12), and as such, are widely considered to
be functional homologues (10, 12, 72). Moreover, p300 and CBP share many common substrates
(12, 79), although they also have distinct targets (16, 24, 28, 31). Thus, to study the separate
contributions of p300 and CBP to whole-body glucose metabolism and skeletal muscle insulin
sensitivity in vivo, we used CreLoxP methodology to generate mice with germline-mediated or
adulthood-mediated, muscle-specific knockout of p300 or CBP; germline knockout was driven by
the muscle creatine kinase (MCK) promoter (7), whilst temporal knockout in adult mice was driven

in a tamoxifen (TMX)-inducible manner via the human a-skeletal actin (iHSA) promoter (48).
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Our rationale for employing these two Cre approaches was to allow us to determine the impact of
embryonic versus temporal knockout of p300 or CBP in skeletal muscle, which was particularly
important as knockout of p300 or CBP can impact skeletal muscle development both in vitro (15,
16, 57, 58) and in vivo (59, 81). Considering the regulatory cross-talk between p300/CBP and Akt,
we hypothesized that knockout of either p300 or CBP in skeletal muscle would impair whole-body
glucose tolerance and insulin-stimulated glucose uptake and Akt signaling in skeletal muscle.
Furthermore, a subset of mice were placed on a calorie-restriction (CR) or high-fat diet (HFD) in

order to determine if p300/CBP mediated their effects on skeletal muscle insulin sensitivity.
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Methods

Mouse models. Studies were conducted in male mice on a C57BL/6J background and
housed in a conventional facility with a 12-h light/12-h dark cycle. Germline, muscle-specific,
p300 and CBP knockout mice were generated by crossing p300 floxed mice (33) or cbp floxed
mice (32) with mice expressing Cre recombinase (Cre) under the control of the MCK promoter;
these mice are referred to as P-MCK and C-MCK, respectively. Generation of the P-MCK mouse
has been described, previously (38). To generate mice with inducible, skeletal muscle-specific
knockout of p300 or CBP, aforementioned floxed mice were crossed with mice expressing Cre, in
a tamoxifen (TMX)-inducible manner, under the iHSA promoter (48); these mice are referred to
as P-iHSA and C-iHSA, respectively. Respective floxed, but Cre negative, littermates were used
as experimental controls for all four mouse lines; these mice are referred to as wildtype (WT). For
P-iHSA and C-iHSA mice, at 10 weeks of age, all mice were orally gavaged with TMX (2mg) for
five consecutive days to activate Cre. This study was carried out with the approval of, and in
accordance with, the Animal Care Program and Institutional Animal Care and Use Committee at
the University of California, San Diego.

Experimental design. For studies in P-MCK and C-MCK mice, oral glucose tolerance
tests (OGTT) and ex vivo 2-deoxyglucose (2DOG) uptake assays were performed at 12-14 weeks
of age. For studies in P-iHSA and C-iHSA mice, OGTT, whole-body energy expenditure, and
2DOG uptake assays were conducted 3-5 weeks after starting TMX (i.e. 13-15 weeks of age). The
HFD studies were performed in P-MCK mice, as previously described (76). Briefly, at 10 weeks
of age, mice were randomly assigned to continue on the control diet (10% calories from fat) or

they were switched to a HFD (60% calories from fat. Cat#D12492, Research Diets, New
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Brunswick, NJ) for 20 days. The CR studies were performed as previously described (62). Briefly,
at 9 weeks of age mice were individually housed and ad /libitum food intake was assessed for 7
consecutive days at 1200 h. At 10 weeks of age, mice were randomly assigned to continue ad
libitum feeding or they were switched to a CR diet (60% of ad libitum intake) for 20 days. Food
for CR mice was provided daily between 1100 and 1200 h. For the diet studies in P-MCK and C-
MCK mice, the OGTT was conducted 15-17 days after starting diet, and 2DOG uptake was
assessed 20-22 days after starting diet.

Tissue and blood collection. Tissues were excised from fasted (4 h), anesthetized mice.
Skeletal muscles (gastrocnemius and tibialis anterior), heart, liver and epididymal white adipose
tissue (WAT) were rinsed in sterile saline, blotted dry, weighed and immediately frozen in liquid
nitrogen. Whole blood was collected with EDTA from the inferior vena cava, centrifuged at 5,000
g at 4°C for 5 min and the plasma isolated. Tissue and plasma were stored at -80°C for subsequent
analysis.

Plasma insulin concentration. Plasma insulin was analyzed using an ELISA kit, per the
manufacturer’s instructions (80-INSMS-E01; ALPCO Diagnostics, Salem, NH, USA).

Immunoprecipitation. Protein A and G magnetic beads (25/25 pL; Bio-Rad Laboratories,
Hercules, CA, USA) were washed three times with PBS with 0.1% Tween 20 (PBS-T). Anti-
acetyl-lysine (AACO1; Cytoskeleton, Denver, CO, USA) was then added to the bead mixture and
rotated end over end for 1 hour (4°C). Subsequently, beads were washed three more times with
PBS-T and then 180 pg of whole cell lysate, from the tibialis anterior, were added and the samples
were rotated overnight (4°C). The following morning, beads were washed three times with PBS-
T, and antigens were eluted with 1X Laemmli sample buffer (40 uL). Samples were boiled for 6

min, and lysate was removed from protein A/G magnetic beads via a magnetic rack (Bio-Rad)
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prior to SDS-PAGE.

Immunoblotting. Immunoblotting was conducted as described in Study 1. The following
antibodies were used at a concentration of 1:1000 dilution unless otherwise stated: CBP (CS
73898, 1:500), Akt (CS 9272B), phosphorylated (p)Akt>*7* (CS 4058, 1:500), pAkt'3 (CS 9275),
GSK3a/B (CS 5676), pGSK3a/B321° (CS 9331) and eukaryotic elongation factor 2 (eEF2; CS
2332) were from Cell Signaling; p300 (sc-585, 1:200) was from Santa Cruz; glyceraldehyde-3-
phosphate (GAPDH; 10R-G109a, 1:100,000) was from Fitzgerald Industries. Akt, GSK3 and
their respective phosphorylated protein abundance were all normalized against actual protein load
(ponceau stain) before being expressed as a ratio (phosphorylated protein to total protein) and are
presented relative to average WT basal (i.e. non-insulin stimulated) values. p300 and CBP protein
abundance was normalized against eEF2 or GAPDH and are presented relative to average WT
values. Antibodies used in this study have been used in previous published studies by our lab: p300
and CBP (38); Akt, pAktT®  AktS*3, GSK3a/B, pGSK3a/B5?'°, eEF2, and GAPDH (47, 67);
and were validated by determining if bands were at the correct molecular weight by using
recombinant proteins and/or assessing changes in band intensity according to appropriate
interventions (e.g. knockout, insulin stimulation). Gels used for silver staining were assayed
according to manufacturer’s instructions (Pierce Silver Stain Kit 24612; Thermo Scientific,
Waltham, MA, USA). All bands on the silver stain were quantified together (excluding the IgG
bands) and normalized to the IgG band at 25 kDa.

qPCR. Total RNA was isolated from snap-frozen quadriceps muscle using TRIzol Reagent
(Thermo Fisher Scientific). RNA concentration was adjusted, and 1 Ig of total RNA was used for
cDNA synthesis. Semi- quantitative real-time PCR analysis was performed using iTaqTM SYBR

Green master mix (Bio-Rad) on a CFX384 TouchTM real-time PCR system (Bio-Rad). Relative
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expression levels were calculated by the AAC; method, using TATA-box binding protein (tbp) as
the normalization control. The ep300 (p300) and crebbp (CBP) primers were designed so that one
of the primers would anneal onto exon 9 (i.e. the exon that is floxed in the p300 and CBP floxed
mouse) and the other to exon 10. Primer sequences used were — ep300: 5°-ATG CTC GTA AAG
TGG AAG GGG-3’, 5’-ATC TTC TCG GCT AGG AGG TGA-3’; crebbp: 5’-GCA CTG GTG
TTC GAA AAG GC-3’, 5’-CAG GGT CTG GAG TTG GGA AG-3’; thp: 5°-GGG ATT CAG
GAA GAC CAC ATA G-3',5’-CCT CAC CAA CTG TAC CAT CAG-3".

Energy expenditure and body composition. Whole-body energy expenditure was
assessed via indirect calorimetry, using the Comprehensive Lab Animals Monitoring System
(CLAMS; Columbus Instruments, Columbus, OH, USA). Oxygen consumption (VO>), respiratory
exchange ratio (RER), and total activity were continuously measured for 3 consecutive days and
values were averaged from the light and dark phases recorded on days 2 and 3. Body composition
was assessed by magnetic resonance imaging (MRI; EchoMRI-100TM, Houston, TX, USA).

Oral glucose tolerance test (OGTT). Fasted (4h) mice were orally gavaged with dextrose
(2 g/kg) and blood glucose concentration was measured via the tail vein at 0 (before gavage), 20,
30, 45, 60, 90, and 120 min after gavage using a handheld glucose meter (Ascensia Contour, Bayer
HealthCare, Mishawaka, IL, USA). Area under the curve (AUC) was calculated using Prism 7
(GraphPad Software Incorporated, La Jolla, CA, USA) with 0 mg/dL used as the baseline.

2DOG uptake. Basal and insulin-stimulated 2DOG uptake was measured in isolated and
paired soleus and extensor digitorum longus (EDL) muscles, as described in Study 1, with some
modifications. Fasted (4 hours) mice were anesthetized and paired soleus and extensor digitorum
longus (EDL) muscles were incubated at 35°C for 30 minutes in oxygenated (95% 02, 5% CO2)

flasks of Krebs-Henseleit buffer (KHB) containing 0.1% BSA, 2 mM Na-pyruvate, and 6 mM
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mannitol. One muscle per pair was incubated in KHB without insulin, and the contralateral muscle
was incubated in KHB with insulin (60 pU/ml [0.36 nM]; Humulin R, Eli Lilly and Company).
After 30 minutes, muscles were transferred to a second flask and incubated at 35°C for 20 minutes
in KHB plus 0.1% BSA, 9 mM [14C]-mannitol (0.053 mCi/mmol; PerkinElmer), and 1 mM [3H]-
2DG (6 mCi/mmol; PerkinElmer), with the same insulin concentration as in the first incubation.
After the second incubation phase, muscles were blotted on ice cold filter paper, trimmed, freeze-
clamped, and then stored (—80°C).

Statistics. Statistical analyses were performed using Prism 8 (GraphPad Software
Incorporated, La Jolla, CA, USA). Data were analyzed using an unpaired Student’s #-test or 2-way
analysis of variance (ANOVA), with Sidak’s multiple comparisons test where appropriate, with
significant differences at p<0.05. Specifically, p300 and CBP protein abundance and mRNA
expression, acetyl-lysine silver stain, acetyl-Akt, body composition, tissue weights, fasting
glucose, fasting insulin, OGTT AUC, and insulin-stimulated 2DOG uptake were analyzed by an
unpaired Student’s #-test. CLAMS (light x genotype), OGTT AUC and insulin stimulated 2DOG
uptake for HFD and CR (diet x genotype), 2DOG uptake for P-iHSA and C-iHSA, and Akt,
GSK3p, pAktT39/5473/Akt, pGSK3BS/GSK3B for all models (insulin x genotype) were analyzed
using a 2-way ANOVA. For the OGTT, a 2-way ANOVA (time x genotype) with repeated
measures or a 2-way ANOVA within each time point (genotype x diet) was used. For 2DOG
uptake diet studies, a 2-way ANOVA was used within ad libitum and within CR samples first
(insulin x genotype) to determine a main effect of insulin, subsequently, a 2-way ANOVA was
used within basal and within insulin samples to determine a main effect of calorie restriction

(genotype x diet). All data are expressed as mean + SEM.

43



Results

Validation of mouse models. In C-MCK mice, skeletal muscle CBP protein abundance
was reduced ~65% as compared to WT littermates (Figure 3.1A). Functional loss of CBP was
confirmed by a ~30% reduction in total protein acetylation in C-MCK compared to WT skeletal
muscle, as measured in immunoprecipitates using a pan acetyl-lysine antibody (Figure 3.1B; WT:
1.00 £ 0.11, C-MCK: 0.73 £ 0.03, p = 0.054). We have previously validated a that pan-lysine
acetylation of skeletal muscle proteins is reduced in the P-MCK mouse (38). In C-iHSA mice,
CBP protein abundance in skeletal muscle was reduced ~60%, as compared to WT littermates,
(Figure 3.1C). In P-iHSA mice, p300 protein abundance in skeletal muscle was reduced ~50%, as
compared to WT littermates, and there was no compensatory increase in CBP protein abundance
(data not shown). To further validate these knockout models, we used primers that align to exon 9
(i.e. the exon that is excised after Cre-mediated recombination) and exon 10 of p300 or CBP. In
C-iHSA mice, skeletal muscle CBP mRNA expression was reduced 77%, while p300 mRNA was
modestly higher, as compared to WT mice (Figure 3.1E). In P-iHSA mice, skeletal muscle p300
mRNA expression was reduced 87%, and CBP mRNA was reduced 25% as compared to WT mice
(Figure 3.1F).

Akt acetylation. Because Akt has been found to be acetylated by p300 (66), we assessed
Akt acetylation in skeletal muscle of P-iHSA and C-iHSA mice, by immunoprecipitating with a
pan acetyl-lysine antibody and immunoblotting for Akt. We found no difference in acetylated-Akt
between C-iHSA (Figure 3.1G) or P-iHSA (Figure 3.1I) mice and their respective wildtypes. The
abundance of Akt in the whole-cell lysate used for immunoprecipitation was not different between

genotypes (Figure 3.1H and J).
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Energy expenditure and activity are unaffected in P-iHSA and C-iHSA mice. Whole-body
oxygen consumption (VO), RER, and total activity (i.e., total z + x-axis beam breaks) were similar
between C-iHSA (Figures 3.2A-C) and P-iHSA (Figures 3.2D-F) mice and their respective WT
littermates during both light and dark phases.

Body mass, body composition, tissue weights, and fasting glucose and insulin are
unaffected by germline (Table 3.1 and Table 3.2) or inducible (Table 3.3) knockout of p300
or CBP. As compared to their WT littermates, body weight was not different between P-MCK, P-
iHSA, and C-iHSA mice that were fed a control diet, while C-MCK mice were lighter compared
to WT littermates. In these same mice, there were no differences in % body fat, % lean muscle
mass, normalized tissue weights (as a % of body weight) fasting glucose or insulin concentrations,
as compared to their WT littermates. For Table 2.1, P-MCK ad libitum and control diet mice were
combined as no differences were noted between the groups. As expected, calorie restriction
significantly reduced body weight, % body fat, normalized epididymal WAT weight, and fasting
glucose in P-MCK (Table 2.1) and C-MCK (Table 2.2) mice, with no differences noted between
genotypes. Furthermore, as expected, high-fat diet significantly increased body weight, % body
fat, normalized epididymal WAT weight, and fasting glucose in P-MCK mice (Table 2.1), with no
differences between P-MCK and WT mice.

Germline knockout of p300 in skeletal muscle does not affect insulin sensitivity. In the
control diet mice for the HFD and CR studies (i.e. mice fed a control diet or ad libitum), blood
glucose concentrations and the AUC during an OGTT were comparable between P-MCK and WT
littermates (Figure 3.3A-D). As expected, HFD significantly impaired glucose tolerance (Figure
3.3 A-B), and CR diet significantly enhanced glucose tolerance (Figure 3.3C-D), as compared to

their respective dietary controls, but there were no genotype differences in the response to these
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diets. In the CR diet study mice, we also assessed ex vivo skeletal muscle insulin sensitivity in the
soleus and EDL muscles. Insulin significantly increased 2DOG uptake in soleus and EDL of AL-
fed mice, with the “insulin-stimulated” 2DOG uptake (i.e. Insulin 2DOG uptake minus Basal
2DOG uptake) being comparable between genotypes (Figures 3.3E-H). Moreover, in line with the
OGTT data, CR significantly and comparably enhanced insulin-stimulated 2DOG uptake ~3-4-
fold in the EDL and soleus of WT and P-MCK mice (Figures 3.3F, H). Notably, there were no
genotype differences in basal 2DOG uptake in soleus or EDL muscles, although there was a main
effect of CR to increase basal 2DOG uptake in the EDL and soleus (Figure 3.3E, G). To
complement the 2DOG uptake data we also assessed insulin signaling in control diet-fed mice.
Insulin significantly increased the phosphorylation of Akt3*73T3% and GSK38% in the soleus of P-
MCK (Figure 3.31-J) mice, however, there was no effect of genotype. Total Akt and GSK3[3
abundance were not different by genotype or insulin treatment (p>0.05).

Germline knockout of CBP in skeletal muscle does not affect insulin sensitivity. In the
ad libitum diet mice, blood glucose concentrations and the AUC during an OGTT were comparable
between C-MCK and WT littermates (Figure 3.4A-B). As expected, CR significantly enhanced
glucose tolerance (Figure 3.4A-B), however there were no genotype differences. Insulin
significantly increased 2DOG uptake in soleus and EDL of ad libitum-fed mice, with the “insulin-
stimulated” 2DOG uptake being comparable between genotypes (Figures 3.4C-F). Moreover, in
line with the OGTT data, CR significantly and comparably enhanced insulin-stimulated 2DOG
uptake ~3-4-fold in the EDL and soleus of WT and C-MCK mice (Figures 3.4D, F). Notably, while
there were no genotype differences in basal 2DOG uptake in soleus or EDL muscles, CR increased
basal 2DOG uptake only in the soleus of C-MCK mice (Figure 3.4E), and not the EDL (Figure

3.4C). To complement the 2DOG uptake data we also assessed insulin signaling in ad libitum-fed
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mice. Insulin significantly increased the phosphorylation of AktS473T3%8 and GSK3B% in the soleus
of P-MCK (Figure 3.4G-H) mice, however, there was no effect of genotype. There was no effect
of genotype or insulin stimulation on total Akt or GSK3f protein abundance (p>0.05).

Inducible knockout of p300 in adult skeletal muscle does not affect insulin sensitivity.
Blood glucose concentrations and the AUC during an OGTT were comparable between P-iHSA
(Figure 3.5A-B) mice and their respective WT littermates. Similarly, basal 2DOG uptake, 2DOG
uptake in the presence of insulin, and insulin-stimulated 2DOG uptake were comparable in the
EDL and soleus of P-iHSA (Figure 3.5C-D) mice, as compared to WT mice. Complementing the
2DOG uptake data, insulin significantly increased phosphorylation of Akt347*T3%8 and GSK3B% in
the soleus of P-iIHSA (Figure 3.5E-F) and their WT littermates. Notably, insulin-mediated
stimulation of Akt phosphorylation was significantly lower in P-iHSA mice as compared to their
WT littermates (Figure 3.5E-F). However, there were no genotype effects for the insulin-mediated
stimulation of GSK38%° phosphorylation in P-iHSA (Figure 3.5E-F) mice. Also, there was no
effect of genotype or insulin stimulation on total Akt or GSK3f protein abundance (p>0.05).

Inducible knockout of CBP in adult skeletal muscle does not affect insulin sensitivity.
Blood glucose concentrations and the AUC during an OGTT were comparable between C-iHSA
(Figure 3.6A-B) mice and their respective WT littermates. Similarly, basal 2DOG uptake, 2DOG
uptake in the presence of insulin, and insulin-stimulated 2DOG uptake were comparable in the
EDL and soleus of C-iHSA mice (Figure 3.6C-D), as compared to WT mice. Complementing the
2DOG uptake data, insulin significantly increased phosphorylation of Akt347*T3%8 and GSK3B% in
the soleus of C-iHSA mice (Figure 3.6E-F) and their WT littermates, with no genotype differences
(Figure 3.6E-F). Also, there was no effect of genotype or insulin stimulation on total Akt or GSK3f3

protein abundance (p>0.05).
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Discussion

Recent proteomic studies have demonstrated numerous insulin signaling and GLUT4
trafficking proteins are acetylated on lysine residues (6, 37, 53, 55, 82), including in skeletal
muscle (44). Although the contribution of deacetylases to insulin sensitivity has been heavily
studied, particularly in regards to SIRT1 (62, 68, 77, 78) and SIRT3 (30, 40), the contribution of
acetyltransferases have been understudied. In fact, to our knowledge, this is the first study to
investigate the contribution of acetyltransferases to skeletal muscle insulin sensitivity.
Accordingly, herein we investigated the separate contributions of skeletal muscle p300 and CBP
to whole-body energy expenditure, glucose tolerance and skeletal muscle insulin sensitivity. Our
rationale for studying p300 and CBP relates to the fact that they can cross-signal with Akt (13, 18,
27,42,43, 61, 74), which is a fundamental signaling node in insulin-stimulated glucose uptake in
skeletal muscle (39, 49). Furthermore, not only do p300/CBP have a strong cytosolic presence (3,
17, 60), but various proteins within the insulin signaling and GLUT4 trafficking pathway are
acetylated by p300/CBP (75). Overall, using two different Cre approaches to knockout p300 or
CBP in skeletal muscle either during development (i.e. germline) or in adulthood (i.e. inducible),
our results demonstrate that loss of p300 or CBP does not impact glucose tolerance or skeletal
muscle insulin sensitivity, including in response to a calorie restriction or high-fat diet.

p300 and CBP have been implicated, in a variety of mouse models, in the regulation of
whole-body metabolism and glucose handling (4, 51, 79, 80). CBP heterozygous mice demonstrate
improved glucose and insulin tolerance, in both control diet and high-fat diet conditions, as
compared to WT mice (80). Furthermore, mice with a mutation in the CH1 domain of either p300

or CBP demonstrate improved glucose and insulin tolerance (4). In contrast, mice with conditional
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knockout of CBP in the hypothalamus develop fasting hyperglycemia and glucose and insulin
intolerance as compared to control mice (51). Similarly, mice with knockout of p300 or CBP in
pancreatic islets are more glucose intolerant during an intraperitoneal GTT, and have lower fasting
insulin levels (79). In the present study, however, we observed no differences in fasting insulin,
fasting glucose, or oral glucose tolerance in any of our transgenic mice. Therefore, while loss of
p300 or CBP, be it in the hypothalamus or pancreas, or at the whole-body level, can impact glucose
tolerance, these results demonstrate that loss of p300 or CBP in skeletal muscle is not required for
maintenance of whole-body glucose metabolism.

Various in vitro studies have demonstrated that Akt can physically interact with p300 (26,
74) and CBP (43). In fact, p300 (13, 18, 27, 42, 74) and CBP (43, 61) can be phosphorylated by
Akt, including Aktl (27, 42, 43, 61), with phosphorylation at the Akt regulatable site increasing
p300/CBP acetyltransferase activity (27, 42, 61). Conversely, various proteins within the insulin
signaling and GLUT4 trafficking pathway are acetylated by p300/CBP (75), including Akt (66).
Importantly, while Aktl is present in skeletal muscle, it is the isoform Akt2 that is present in
highest abundance (41) and known to regulate glucose uptake (8, 39, 49); however, whether Akt2
specifically is also lysine acetylated by p300/CBP, or if Akt2 can phosphorylate p300/CBP, is
unknown. Taken together, however, these studies provide the premise that insulin signaling to
glucose uptake could be regulated via an Akt-p300/CBP axis. Until now, however, a possible Akt-
p300/CBP axis and its relevance to insulin-stimulated glucose uptake in skeletal muscle has not
been studied. In the present study, we observed no effect on insulin-stimulated 2DOG uptake in
soleus or EDL in any of the p300 or CBP knockout models, as compared to their respective WT
mice. Furthermore, the insulin-stimulated 2DOG uptake data were complimented by comparable

insulin-mediated phosphorylation of Akt and GSK3, although notably, insulin-stimulated Akt
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phosphorylation was lower in P-iIHSA mice. While it is not immediately clear why insulin-
stimulated pAkt>*® and pAkt™® was lower in P-iHSA versus WT mice, downstream
phosphorylation of the direct Akt target, GSK3[3, was comparable between P-iIHSA and WT mice.
This not only suggests that Akt function was comparable between genotypes, but that the insulin-
stimulated Akt phosphorylation in P-iHSA mice was sufficient to bring about the physiological
effects of insulin on glucose uptake. Lastly, in contrast to our hypothesis, loss of either p300 or
CBP in skeletal muscle did not alter acetylated-Akt levels in P-iIHSA or C-iHSA mice, despite a
reduction in pan acetylation of muscle proteins in both p300 (38) and CBP knockout models. The
likely reason for this lack of effect on Akt acetylation and insulin sensitivity is the well-described
compensatory actions of p300 and CBP when one of them is not present (12, 23, 51, 79).

The substrate used by p300 and CBP, and acetyltransferases in general, when acetylating
lysine residues is acetyl CoA (12). Intracellular acetyl CoA concentration is sensitive to changes
in nutrient intake, with reduced calorie intake lowering muscle acetyl CoA concentration (46) and
high-fat diet feeding increasing muscle acetyl CoA concentration (22, 52). Accompanying these
changes in acetyl CoA, calorie restriction robustly enhances the sensitivity of skeletal muscle to
insulin (49, 50, 62, 65), whereas high-fat diet feeding reduces skeletal muscle insulin-sensitivity
(67, 76, 78). With this in mind, we investigated whether p300 or CBP mediated these effects of
calorie restriction or high-fat diet on glucose tolerance and/or skeletal muscle insulin sensitivity.
Overall, while high-fat diet worsened glucose tolerance and calorie restriction enhanced glucose
tolerance and skeletal muscle insulin sensitivity in WT mice, these dietary effects were not affected
by the loss of p300 or CBP. Taken together with the insulin signaling and insulin sensitivity
findings in control diet-fed mice, these results clearly demonstrate that loss of p300 or CBP does

not impact insulin-mediated glucose uptake in skeletal muscle.
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Many substrates of p300 and CBP, such as PPARa (14), PGCla (56, 73), FoxO1 (11), and
GAPDH (64) are important regulators of cellular metabolism, mitochondrial biogenesis and
oxidative capacity, particularly in skeletal muscle (20, 54), which could impact body weight and
composition or energy expenditure. Indeed, mice with hypothalamus-specific knockout of CBP
have large increases in body weight, food intake, and fat pad mass when fed a chow diet, despite
no change in activity (51). In contrast, mice with a mutation in the CH1 domain of either p300 or
CBP exhibit reduced WAT as percentage of body weight and reduced body weight compared to
WT mice (4). However, mice with a whole-body heterozygous knockout of CBP exhibit no
changes in body weight (80), while mice with pancreatic islet knockout of p300 demonstrate
similar body weight, activity, and energy expenditure to WT mice (79). Similarly, we have
previously described that germline knockout of p300 in skeletal muscle (i.e. P-MCK mice) does
not alter body weight, body composition, or energy expenditure (38). Complimenting this lack of
effect of germline loss of p300, here we find that neither germline loss of CBP, or knockout of
p300 or CBP in adulthood impacts body composition, relative tissue mass, energy expenditure,
nor activity. Thus, while there is evidence that loss of p300 or CBP in some tissues can alter the
regulation of body weight and/or energy expenditure (4, 51), our data demonstrate that skeletal
muscle p300 or CBP is not required to maintain normal whole-body energy expenditure or body
composition.

Whole body knockout of p300 (81) or CBP (69) is embryonically lethal, and many studies,
although not all (59), demonstrate that p300 (15, 57-59) and CBP (15) are required for terminal
differentiation of C2C12 myotubes and human primary myotubes (16). As such, normal
development of skeletal muscle is thought to require p300, and potentially CBP. In contrast, we

have previously demonstrated that germline deletion of p300 in skeletal muscle, via the MCK
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promoter, is not embryonically lethal and does not affect muscle structure, fiber-type expression,
or development (38). We extend these findings by demonstrating that germline loss of CBP is also
not embryonically lethal, and does not impact muscle development or growth, as evidenced by
comparable muscle weights in C-MCK versus WT mice. Hence, our P-MCK and C-MCK mouse
models clearly establish that loss of p300 or CBP during embryogenesis does not impair muscle
development.

A limitation of this study is that we did not see complete loss of CBP or p300 at the protein
level in the respective mouse models, with the knockout being ~50-60%. The primary reason for
this likely relates to the fact that only ~45% of nuclei within skeletal muscle tissue are within
muscle fibers (63). Supporting this, we (67, 76) and others (19, 25, 29, 45) have previously
demonstrated that a lack of complete knockout in whole skeletal muscle tissue is due to the
presence of a variety of cell types within skeletal muscle (e.g. endothelial cells, fibroblasts,
adipocytes, immune cells). As such, given the ubiquitous presence of p300 and/or CBP across all
cell types (72), it is not unexpected that we see ~50% knockout of p300 or CBP in whole muscle
lysates from the P-iHSA/C-MCK/C-iHSA models. Indeed, when immunoprecipitating p300 from
nuclear fractions from skeletal muscle of P-MCK mice, we find essentially complete (~95%)
knockout of p300 in skeletal muscle (38). Moreover, when using primers targeted to include exon
9 of p300 or CBP, which is the exon that is excised after Cre-mediated recombination, we find an
87% reduction in p300 mRNA expression in P-iHSA and an 77% reduction in CBP mRNA
expression in C-iIHSA mouse muscle. Thus, overall, we believe that our mouse models
appropriately allow us to study the impact of loss of p300 or CBP on energy expenditure and

skeletal muscle insulin signaling and action.
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In summary, to our knowledge, this is the first study to describe the contribution of
acetyltransferases to skeletal muscle insulin sensitivity. In contrast to our hypothesis, our results
demonstrate that loss of either p300 or CBP in skeletal muscle, be it during embryogenesis or in
adulthood, does not impair glucose tolerance or skeletal muscle insulin sensitivity. A lack of an
effect on insulin action is likely due to the large redundancy of function between p300 and CBP
and their ability to compensate for one another (12, 23, 51, 79). Thus, it will be interesting in future
studies to investigate the impact of combined loss of p300 and CBP, as has been done in other
tissues (23, 79), on skeletal muscle insulin action and physiology as a whole. Finally, considering
thus far that 22 acetyltransferases have been identified in human and mouse cells (10), it is
conceivable that acetyltransferases other than CBP and p300 are more important regulators of
skeletal muscle insulin action and metabolism. Overall, while it is clear that acetylation is a
common post-translational modification that is present in skeletal muscle (35, 44), much work
remains to be done to identify those acetyltransferases (and deacetylases) that mediate skeletal
muscle protein acetylation, and also to define their broader significance to skeletal muscle

physiology and biology.
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Table 3.1. Body composition, tissue weights, and fasting glucose and insulin for P-MCK
mice on high-fat and calorie restriction diets

Control/Ad Libitum High-Fat Diet Calorie Restriction

WwT P-MCK WT P-MCK WT P-MCK
Body weight, g 23.7*0.5 232 %05 26.7 = 0.8* 27.9 * 0.6* 18.3 = 0.6* 18.5 £ 0.6*
% Body fat 10.5 = 0.9 99+ 1.8 23.1 £ 2.3% 20.2 = 2.4% 5.7 = 1.0* 7.3 = 0.9*%
% Lean muscle mass 87.2 0.9 86.7 £ 0.9 74.1 £ 2.2% 77.3 + 2.5% 91.0 = 1.39% 90.1% = 1.4%
Epididymal WAT, %BW 1.23 £0.14 1.29 £ 0.11 3.78 + 0.36* 3.36 = 0.45% 0.56 + 0.13* 0.63 = 0.11*
Tibialis anterior, %BW 0.173 = 0.003 0.171 = 0.005 0.148 = 0.006* 0.159 = 0.007* 0.185 = 0.005 0.179 = 0.006
Gastrocnemius, %BW 0.48 + 0.01 0.48 + 0.01 0.43 +0.01* 0.39 + 0.02* 0.48 + 0.01 0.51 = 0.01
Heart, %BW 0.46 = 0.01 0.44 = 0.01 0.41 = 0.02% 0.39 = 0.02* 0.47 = 0.01 0.45 = 0.01
Liver, %BW 446 =0.11 4.71 =0.29 4.11 = 0.40 4.46 = 0.53 4.20 = 0.08%* 4.14 = 0.09*
Fasting glucose, mg/dl 107 =5 105+ 3 130 = 5% 136 = 8* 88 + 6* 86 = 4%
Fasting insulin, ng/ml 0.39 = 0.03 0.38 = 0.03 n.d. n.d. n.d. n.d.

Data reported as mean * SE; for body weight, % body fat, % lean muscle mass, and tissue weights: n = 6—10/group; for fasting glucose and insulin: n =
5-9/group. Control diet and ad libitum diet groups have been pulled together. BW, body weight; n.d., not determined; WAT, white adipose tissue; WT, wild type.
Two-way ANOVA: *P < 0.05 main effect of diet vs. control/ad libitum.
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Table 3.2. Body composition, tissue weights, and fasting glucose and insulin for C-MCK

mice
Ad Libitum Calorie Restriction

WT C-MCK wT C-MCK
Body weight, g 263 0.5 23.0 = 0.6# 19.1 £ 0.7* 18.1 = 0.4%#
% Body fat 17.0 = 1.1 153 +0.7 n.d. n.d.
% Lean muscle mass 782 1.2 80.4 = 0.5 n.d. n.d.
Epididymal WAT, %BW 247 £0.23 2.07 =0.27 0.64 £ 0.10* 0.77 £0.11%*
Tibialis anterior, %BW 0.141 = 0.004 0.145 = 0.004 0.158 £ 0.007* 0.171 = 0.005%*
Gastrocnemius, %BW 0.42 £ 0.01 0.42 +0.01 0.42 = 0.02 0.44 = 0.02
Heart, %BW 0.39 £ 0.01 0.39 = 0.01 0.42 = 0.02 0.41 £ 0.01
Liver, %BW 4.87 £0.13 4.66 = 0.26 4.32 £0.16* 442 £0.13*
Fasting glucose, mg/dl 124 £ 4 118 £ 8 92 = 2% 98 = 10*
Fasting insulin, ng/ml 0.48 = 0.04 0.49 = 0.08 n.d. n.d.

Data reported as mean * SE; for body weight, % body fat, % lean muscle mass, and tissue weights: n = 5-10/group; for fasting glucose and insulin: n =
5-9/group. BW, body weight; n.d., not determined; WAT, white adipose tissue; WT, wild type. Two-way ANOVA: #P < (.05 main effect of diet, #P < 0.05

main effect of genotype.
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Table 3.3. Body composition, tissue weights, and fasting glucose and insulin for iHSA mice

WT P-iHSA WT C-iHSA
Body weight, g 310+ 1.5 322+1.2 27.9 = 0.7 27.8 0.4
% Body fat 11.2+ 1.0 129+ 15 11.5+12 97+15
% Lean muscle mass 84.6 = 1.7 829+ 13 858 + 1.3 84.1 = 1.3
Epididymal WAT, %BW 1.59 = 0.08 1.73 = 0.18 1.44 = 0.10 1.30 = 0.12
Tibialis anterior, %BW 0.169 = 0.004 0.161 = 0.004 0.150 = 0.004 0.157 £ 0.003
Gastrocnemius, %BW 0.48 = 0.01 0.47 = 0.01 0.43 = 0.01 0.46 = 0.01
Heart, %BW 0.45 = 0.01 0.43 +0.01 0.43 = 0.00 0.45 + 0.02
Liver, %BW 5.01 +0.11 5.11 = 0.09 5.34 +0.10 5.69 +0.15
Fasting glucose, mg/dl 132 + 4 130 =5 147 £ 4 149 £ 4
Fasting insulin, ng/ml 0.43 = 0.05 0.51 = 0.09 0.57 = 0.08 0.51 = 0.05

Data reported as mean = SE; for body weight, % body fat, % lean muscle mass, and tissue weights: n = 5-8/group; for fasting glucose: n = 6-9/group; for

fasting insulin: n = 4-7/group. BW, body weight; WAT, white adipose tissue; WT, wild type.
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Figure 3.1: C-MCK and C-iHSA mice display reduced CBP protein abundance, while P-
iHSA mice display reduced p300 protein abundance in skeletal muscle. A) Quantitation and
representative images of CBP protein abundance in plantaris muscle of male C-MCK mice (n =
S/group). B) Silver stain of acetyl-lysine immunoprecipitates from C-MCK and WT tibialis
anterior muscle (n = 4/group). Quantitation and representative images of C) CBP protein
abundance in soleus muscle of male C-iHSA mice (n = 5-6/group) and D) p300 protein abundance
in soleus muscle of male P-iHSA mice (n = 5-6/group). mRNA expression of p300 and CBP in
gastrocnemius muscles of E) C-iHSA and F) P-iHSA mice (n = 5-6/group). The primers for p300
and CBP mRNA were designed to anneal onto exon 9 (exon that is floxed in P-iHSA and C-iHSA
mouse) and exon 10. Representative images and quantification of acetylated-Akt (Ac-Akt), and
total Akt from the whole cell lysate (WCL) of the same samples, in G-H) C-iHSA and I-J) P-iHSA
tibialis anterior muscle (n = 4/group), which was determined by immunoprecipitation (IP) with an
acetyl-lysine antibody and subsequent immunoblotting (IB) with an Akt antibody. Non-specific
binding to IgG from IP antibody is indicated. There is a single empty lane between IPs and
recombinant Akt (rAkt). Western blot intensity values were normalized to the protein loading
control GAPDH, eEF2, or Ponceau stain while qPCR mRNA expression was normalized to mRNA
expression of tbp; all values are presented relative to WT. *, p<0.05 unpaired Student’s #-test,
transgenic versus WT. Data reported as mean + SEM.
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Figure 3.2: Energy expenditure and activity are comparable between C-iHSA or P-iHSA and
WT mice. Energy expenditure and spontaneous activity measurements were made on male A-C)
C-iHSA and D-F) P-iHSA mice using the CLAMS system over 3 consecutive days and averages
for the light and dark cycles on days 2 and 3 are presented. A, D) Whole body oxygen consumption
(VO») and B, E) Respiratory exchange ratio (RER) were measured by indirect calorimetry. C, F)
Total activity (i.e., total z + x axis beam breaks). n = 5/group. *, p<0.05 2-way ANOVA main
effect of light cycle. Data reported as mean + SEM.
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Figure 3.3: Germline deletion of p300 in skeletal muscle does not alter glucose tolerance, or
skeletal muscle insulin sensitivity. A) Blood glucose concentrations and B) area under the curve
(AUC) of male P-MCK mice on control (CON) or HFD during an oral glucose tolerance test
(OGTT; 2 g/kg); P-MCK CON (n=8), WT CON (n=8), P-MCK HFD (n=9), WT HFD (n=7). C)
Blood glucose concentrations and D) area under the curve (AUC) of a separate cohort of male P-
MCK mice on AL or CR diet during an oral glucose tolerance test (OGTT; 2 g/kg); P-MCK AL
(n=8), WT AL (n=7), P-MCK CR (n=9), WT CR (n=7). *, p<0.05 2-way ANOVA, main effect of
diet (within a time point for OGTT). E-H) Basal 2-deoxy-glucose uptake (2DOGU), Insulin (0.36
nmol/L) 2DOGU, and insulin-stimulated 2DOGU (Insulin Stim.; calculated as insulin 2DOGU —
basal 2DOGU) in isolated E-F) extensor digitorum longus (EDL) and G-H) soleus muscles from
male P-MCK mice on AL or CR diet; P-MCK AL (n=6), WT AL (n=5), P-MCK CR (n=8), WT
CR (n=5). #, p<0.05 2-way ANOVA within ad libitum and within diet, main effect of insulin; *,
p<0.05 2-way ANOVA within basal and within insulin samples, main effect of diet. I) Phospho-
Akt33 (pAktS*7?), phospho-AktT%® (pAkt3%), total Akt, phospho-GSK3B% (pGSK3p5%), and
total GSK3f in basal and insulin-stimulated (- and +, respectively) soleus muscles from AL fed
mice. J) Quantification of pAkt>*"3, pAkt™%, and pGSK3B% compared to total protein abundance
of Akt or GSK3p in the soleus muscle; P-MCK (n=6), WT (n=6), values are presented relative to
WT basal. *, p<0.05 2-way ANOVA, main effect of insulin. Data reported as mean + SEM.
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Figure 3.4: Germline deletion of CBP in skeletal muscle does not alter glucose tolerance or
skeletal muscle insulin sensitivity. A) Blood glucose concentrations and B) area under the curve
(AUC) of male C-MCK mice on AL or CR diet during an oral glucose tolerance test (OGTT; 2
g/kg); C-MCK AL (n=5), WT AL (n=5), C-MCK CR (n=7), WT CR (n=5). *, p<0.05 2-way
ANOVA, main effect of diet (within a time point for OGTT). C-F) Basal 2-deoxy-glucose uptake
(2DOGU), Insulin (0.36 nmol/L) 2DOGU, and insulin-stimulated 2DOGU (Insulin Stim.;
calculated as insulin 2DOGU — basal 2DOGU) in isolated C-D) extensor digitorum longus (EDL)
and E-F) soleus muscles from male C-MCK mice on AL or CR diet; C-MCK AL (n=5), WT AL
(n=7), C-MCK CR (n=5), WT CR (n=6). #, p<0.05 2-way ANOVA within ad libitum and within
diet, main effect of insulin; *, p<0.05 2-way ANOVA within basal and within insulin samples,
main effect of diet. G) Phospho-AktS*3 (pAkt>*7?), phospho-Akt™% (pAkt™%), total Akt,
phospho-GSK3B% (pGSK3B%%), and total GSK3B in basal and insulin-stimulated (- and +,
respectively) soleus muscles from AL fed mice. H) Quantification of pAkt3*’3, pAkt™%, and
pGSK3B% compared to total protein abundance of Akt or GSK3 in the soleus muscle; C-MCK
(n=4), WT (n=6), values are presented relative to WT basal. *, p<0.05 2-way ANOVA, main effect
of insulin. Data reported as mean + SEM.
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Figure 3.5: Inducible deletion of p300 in adult skeletal muscle does not alter glucose tolerance
or skeletal muscle insulin sensitivity. A) Blood glucose concentrations and B) area under the
curve (AUC) of male P-iHSA mice during an oral glucose tolerance test (OGTT; 2 g/kg); P-iHSA
(n=9), WT (n=6). C-D) Basal 2-deoxy-glucose uptake (2DOGU), Insulin (0.36 nmol/L) 2DOGU,
and insulin-stimulated 2DOGU (I-Stim.; calculated as insulin 2DOGU — basal 2DOGU) in isolated
C) extensor digitorum longus (EDL) and D) soleus muscles from male P-iIHSA mice; P-iHSA
(n=8), WT (n=8). E) Phospho-Akt>*"3 (pAkt>*"?), phospho-Akt™3% (pAkt"3%), total Akt, phospho-
GSK3B% (GSK3B%?), and total GSK3B in basal and insulin-stimulated (- and +, respectively)
soleus muscles. F) Quantification of pAkt>*73, pAkt™%, and pGSK3B%° compared to total protein
abundance of Akt or GSK3f in the soleus muscle; P-iIHSA (n=6), WT (n=5), values are presented
relative to WT basal. *, p<0.05 2-way ANOVA, main effect of insulin. #, p<0.05 Sidak’s multiple
comparison test, insulin P-iHSA vs insulin WT. Data reported as mean + SEM.
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Figure 3.6: Inducible deletion of CBP in adult skeletal muscle does not alter glucose
tolerance, skeletal muscle insulin sensitivity, or Akt phosphorylation. A) Blood glucose
concentrations and B) area under the curve (AUC) of male C-iHSA mice during an oral glucose
tolerance test (OGTT; 2 g/kg); C-iHSA (n=6), WT (n=8). C-D) Basal 2-deoxy-glucose uptake
(2DOGU), Insulin (0.36 nmol/L) 2DOGU, and insulin-stimulated 2DOGU (I-Stim; calculated as
insulin 2DOGU - basal 2DOGU) in isolated C) extensor digitorum longus (EDL) and D) soleus
muscles from male C-iHSA mice; C-iHSA (n=6), WT (n=7). E) Phospho-Akt>** (pAkt>+7?),
phospho-Akt™3% (pAkt™%), total Akt, phospho-GSK3B% (pGSK3B5), and total GSK3p in basal
and insulin-stimulated (- and +, respectively) soleus muscles. F) Quantification of pAktS*73,
pAktT%, and pGSK3B% compared to total protein abundance of Akt or GSK3p in the soleus
muscle; C-MCK (n=6), WT (n=5), values are presented relative to WT basal. *, p<0.05 2-way
ANOVA, main effect of insulin. Data reported as mean + SEM.
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CHAPTER 4

p300 and CBP are necessary for skeletal muscle insulin-stimulated glucose uptake Abstract

Abstract

Introduction: The acetyltransferases, E1A binding protein p300 (p300) and cAMP
response element-binding protein binding protein (CBP) transcriptionally regulate numerous
biological processes within skeletal muscle, including glucose metabolism, however their
importance to skeletal muscle insulin action is unclear. In Study 2, we demonstrate that p300 or
CBP are, individually, dispensable for normal glucose tolerance and skeletal muscle insulin
signaling and sensitivity. Our objective in this study was to determine the joint importance of p300
and CBP to skeletal muscle insulin sensitivity.

Methods: We used Cre-LoxP methodology to generate mice with a tamoxifen-inducible,
conditional knock out of p300 and/or CBP in skeletal muscle; this was done in mice that were 13-
15 weeks of age, with Cre recombinase being activated via oral gavage of tamoxifen. In the
immediate days (i.e. between 1 to 5 days) after tamoxifen dosing, oral glucose tolerance and ex
vivo skeletal muscle insulin sensitivity were measured. Moreover, microarray (day 5) and
proteomics (Days 3 and 5) analysis was conducted on skeletal muscle.

Results: Within just 3 days of initiating knockout of p300 and CBP, whole-body glucose
tolerance and skeletal muscle insulin sensitivity were severely impaired, and just 5 days after
initiating the knockout, there was a complete loss of skeletal muscle insulin-stimulated glucose

uptake. These impairments occurred despite no differences in activation of canonical insulin
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signaling. Remarkably, this glucose intolerance and inability of skeletal muscle to respond to
insulin did not occur in mice with just a single allele of either p300 or CBP. In the p300/CBP
double-knockout mice, skeletal muscle insulin resistance was accompanied by significant changes
in both mRNA and protein networks critical for insulin signaling, GLUT4 trafficking, and glucose
metabolism.

Conclusions: p300 and CBP in skeletal muscle are jointly required for maintaining whole-
body glucose tolerance and insulin sensitivity, at least in part, via transcriptional control of the

insulin signaling pathway.
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Introduction

Protein lysine acetylation is a major posttranslational modification that is able to alter the
physical properties and function of thousands of proteins and numerous biological processes via
regulation of histone function and gene transcription (1-7). Reversible acetylation requires the
enzymatic addition or removal of acetyl groups to lysine residues of proteins via acetyltransferases
(KATs) or deacetylases (DACs), respectively (8). While the deacetylases have been studied
extensively for their transcriptional control of various biological processes in skeletal muscle such
as differentiation, regeneration, and metabolism (9—13), the contribution of the acetyltransferases
have been understudied in comparison.

The acetyltransferases E1A binding protein p300 (p300) and cAMP response element
binding protein (CREB) binding protein (CBP) are functional homologs (8,14,15) that have been
described to play a central role in transcriptional homeostasis of skeletal muscle (16-20). Indeed
human primary myoblasts (16) and C2C12 myoblasts (17) fail to form myotubes when either p300
or CBP is knocked down. However, we have demonstrated, in vivo, that mice with a muscle-
specific deletion of p300 have no deficits in skeletal muscle development (21), which we attributed
to the well documented ability of p300/CBP to compensate for each other (14,22-24).
Accordingly, we have recently generated a mouse model with inducible, muscle-specific double
knockout of p300 and CBP (PCKO), and find that loss of both p300/CBP in adult muscle
dramatically alters gene expression patterns fundamental to skeletal muscle function,
development, and glucose metabolism (20). Interestingly, however, while p300/CBP has been
studied in skeletal muscle in relation to muscle function and development (16-20), no studies have

investigated their joint role in the regulation of muscle glucose metabolism.
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The primary goal of this study was to investigate the combined contribution of p300 and
CBP to insulin-mediated glucose uptake in skeletal muscle. In Study 2 we demonstrated that single
loss of either p300 or CBP in skeletal muscle, be it during embryogenesis or in adulthood, does
not impair glucose tolerance or skeletal muscle insulin sensitivity, which we attributed to
compensation by the analogous acetyltransferase. Thus, here in Study 3, we utilized mice with
inducible and skeletal muscle-specific double-knockout of p300 and CBP (PCKO). In addition,
we studied mice with just one single allele of either p300 (PZ) or CBP (CZ), to better dissect the
contribution of p300 or CBP to skeletal muscle insulin sensitivity. As p300 and CBP are global
transcriptional regulators (16—18,25), including of glucose metabolism in skeletal muscle (20), we
hypothesized that a double-knockout of p300/CBP in skeletal muscle would impair skeletal muscle
insulin sensitivity via a down regulation of insulin signaling and GLUT4 trafficking genes.
Furthermore, considering the well-established functional compensation between p300 and CBP
(14,22-24), we hypothesized that a single allele of p300 or CBP would be sufficient to partially

rescue the phenotype.

76



Methods

Mouse Models. Studies were conducted in both male and female mice on a C57BL/6J
background and housed in a conventional facility with 12-h light/12-h dark cycle. Inducible,
muscle-specific, p300 and CBP double knockout mice (PCKO), as well as mice with only one
allele of either p300 (PZ) or CBP (CZ) in skeletal muscle, have been described previously (20).
Respective floxed, but Cre negative, littermates were used as experimental controls for the mouse
models; these mice are referred to as wild type (WT). At 13-15 weeks of age, all mice were orally
gavaged with tamoxifen (TMX; 2 mg) for 5 consecutive days to activate Cre and induce the
knockout.

Experimental design. For studies in PCKO, PZ, CZ, and WT mice, tissue collection, oral
glucose tolerance tests (OGTT), and ex vivo 2-deoxyglucose (2DOG) uptake assays were
performed at 1-, 3-, 5-, 21- or 28-days after initiating tamoxifen dosing, as indicated.

OGTT. Fasted (4h) mice were orally gavaged with dextrose (2 g/kg) and blood glucose
concentration was measured via the tail vein at 0 (before gavage), 20, 30, 45, 60, 90, and 120 min
after gavage using a handheld glucose meter (Ascensia Contour, Bayer HealthCare, Mishawaka,
IL, USA). Area under the curve (AUC) was calculated using Prism 8 (GraphPad Software
Incorporated, La Jolla, CA, USA) with 0 mg/dL used as the baseline.

Skeletal muscle 2DOG uptake. Basal and insulin-stimulated 2DOG uptake was measured
in isolated and paired soleus and extensor digitorum longus (EDL) muscles, as described in Study
2 and previous studies (26-28). A physiological insulin concentration of 0.36 nM was used for

muscles treated with insulin.
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Tissue collection. Tissues were excised from fasted (4 h), anesthetized mice, and frozen
in liquid nitrogen. Tissues were stored at -80°C for subsequent analysis. This study was carried
out with the approval of, and in accordance with, the Animal Care Program and Institutional
Animal Care and Use Committee at the University of California, San Diego.

Immunoblotting. Immunoblotting was performed, as described in Study 1. All antibodies
were used at a dilution of 1:1000, unless stated otherwise. Akt (CS 9272B), phosphorylated
(p)Akt™3% (CS 9275), pAkt>*”® (CS 4058), and eukaryotic elongation factor 2 (eEF2; CS 2332),
were from Cell Signaling. Densitometric analysis of immunoblots was performed using Image Lab
(Bio-Rad, Hercules, CA, USA). Phosphorylated protein abundance was normalized to respective
total protein abundance.

qPCR. Total RNA was isolated, cDNA was synthesized, and qPCR was performed as
described in Study 2. Relative expression levels were calculated by the AAC; method, using
TATA-box binding protein (zbp) as the normalization control. The ep300 (p300) and crebbp (CBP)
primers were designed so that one of the primers would anneal onto exon 9 (i.e. the exon that is
floxed in the p300 and CBP floxed mouse) and the other to exon 10, as used in Study 2.

Microarray. Total RNA was isolated, and purified, and microarray analysis was
performed as described in appendix Al (20). The sorted list of genes was analyzed for over-
represented biological processes defined by the Gene Ontology Consortium, using conditional
gene ontology analysis (29,30).

Insulin signaling/GLUT4 trafficking network map. The network map was based on
published transcriptional networks (31,32). Monochrome circles represent expression of
individual genes, color coded by fold change (KO/WT) with red shades indicating upregulation

and blue shades indicating downregulation. Gene labels are entrez gene symbols. Multicolored
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circles within a grayed box indicate complexes (detailed in Figure 4.7) with the expression of each
component gene indicated by ordered stripes. White squares with rounded edges indicate modules
or functions and gray triangles indicate non-protein molecules. Connectivity between proteins
encoded by specified genes is indicated by the following symbols: plus in white circle (positive),
minus in red circle (negative), straight arrow (A proceeds to B), curved arrow (translocation of
A). Proteins encoded by specified genes are drawn in their approximate anatomical location
relative to cellular structures (yellow).

Tandem mass tag mass spectrometry. Samples were lysed, digested, run, and analyzed
as described in appendix A2 (20). The sorted list of proteins was analyzed for enriched pathways
using the Reactome database (33).

Statistics. For data other than microarray and proteomics analysis (see appendix Al, A2
(20)), an unpaired Student’s t-test, 1-way or 2-way ANOVA (using repeated measurement where
appropriate), followed by Sidak’s or Tukey’s post-hoc test, was used. Significance was set at
p<0.05. When there were no significant differences amongst the respective WT mice (e.g. D1 vs
D3 vs D5 or PZ vs CZ vs PCKO) data was pooled together, as noted. Statistical analyses were
performed using Prism 8 (GraphPad Software Incorporated, La Jolla, CA, USA). All data are

expressed as mean + SEM.
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Results

Severe insulin resistance develops rapidly in PCKO mice. As PCKO mice die
spontaneously after 6-7 days of initiating tamoxifen treatment (20), all experiments were
conducted in PCKO and WT mice at one (D1), three (D3), or five (D5) days after initiating
tamoxifen treatment; these studies were only conducted in male mice. While PCKO mice had
comparable blood glucose concentrations to WT mice during an OGTT at D1 (Figure 4.1A),
PCKO mice become progressively glucose intolerant from D3 through D5 (Figure 4.1B-C).
Accompanying this, the AUC during the OGTT was significantly higher in PCKO mice by D3
(Figure 4.1B, insert) and was further worsened by D5 (Figure 4.1C, insert; 24,658+1,266 vs
31,258+1,942, t-test p<0.05). Complementing the OGTT data, basal 2DOG uptake, 2DOG uptake
in the presence of insulin, and “insulin-stimulated” 2DOG uptake (i.e. Insulin 2DOG uptake minus
Basal 2DOG uptake) were comparable in soleus muscles from male PCKO and WT mice at D1
(Figure 4.1D, G). However, by D3 PCKO mice had significantly reduced insulin-stimulated 2DOG
uptake (Figure 4.1E, H), and by D5 2DOG uptake in the presence of insulin insulin was not
significantly different from basal (Figure 4.1F, I). The EDL muscle, in contrast, was more rapidly
affected with statistically no insulin-stimulated glucose uptake by D3 (Figure 4.1H) that persisted
to D5 (Figure 4.11). Lastly, while PCKO mice are glucose intolerant and insulin resistant as early
as D3, insulin significantly increased phosphorylation of Akt>*7* and Akt™% in the EDL of PCKO
and WT mice equally, with no genotype or temporal differences (Figure 4.1J-L).

Validation of PZ and CZ mouse models. In order to determine dosage effects of p300
and CBP and/or to possibly rescue the insulin resistant phenotype of the PCKO mice, we generated

mice with only a single allele of either p300 (PZ) or CBP (CZ) in skeletal muscle. As PCKO mice
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can only be studied 6-7 days of initiating tamoxifen treatment (20), we studied a separate cohort
of PCKO mice, along with CZ and PZ mice, at five days after initiating tamoxifen treatment. In
PCKO mice, skeletal muscle p300 and CBP mRNA expression was reduced by ~80% and ~65%
(Figure 4.2A), respectively. p300 mRNA expression in CZ muscle and CBP mRNA expression in
PZ muscle were reduced to levels comparable to PCKO mice (~80% for both proteins), while CBP
abundance in CZ and p300 abundance in PZ muscle demonstrate a heterozygous effect with
reductions of ~30% and 35%, respectively (Figure 4.2A).

A single allele of p300 or CBP rescues the insulin resistant phenotype of PCKO mice.
In a separate cohort, again PCKO mice demonstrated severe glucose intolerance during an OGTT
compared to WT mice (Figure 4.2B, C). However, despite CZ and PZ mice having only one
functional allele of CBP or p300, respectively, blood glucose concentrations during an OGTT were
identical to WT mice (Figure 4.2B, C). Furthermore, while PCKO mice had statistically no
insulin-stimulated 2DOG uptake in either soleus or EDL muscles (Figure 4.2D-F), basal 2DOG
uptake, 2DOG uptake in the presence of insulin, and insulin-stimulated 2DOG uptake were not
different amongst CZ, PZ, and WT mice in either soleus or EDL muscles (Figure 4.2D-F).
Complementing the 2DOG uptake data, insulin significantly increased phosphorylation of Akt347?
and AktT% in the EDL of CZ, PZ, PCKO, and WT littermates. Notably, insulin-mediated
phosphorylation of Akt™%, but not Akt>*"3, was significantly higher in CZ mice compared to WT
littermates (Figure 4.2G-H). Importantly, there were no sex differences in our p300/CBP knockout
models; female PCKO mice are also severely glucose intolerant and insulin resistant, which was
reversed in female PZ and CZ mice (Figure 4.3).

Insulin action is normal in PZ and CZ mice long term. It is possible that development

of the severe insulin resistant phenotype seen in PCKO mice is delayed in PZ and CZ mice. To
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test this, we assessed glucose tolerance and insulin sensitivity at three and four weeks after
initiating tamoxifen treatment, respectively. Blood glucose concentrations and AUC during an
OGTT were comparable between CZ, PZ, and WT mice (Figure 4.4A-B). Furthermore, basal
2DOG uptake, 2DOG uptake in the presence of insulin, and insulin-stimulated 2DOG uptake were
comparable in the soleus and EDL of CZ and PZ mice, as compared to WT mice (Figure 4.4C-F).

PCKO mice have significant changes in expression of mRNA involved in insulin
signaling and GLUT4 trafficking. For insight into why PCKO mice develop severe glucose
intolerance and skeletal muscle insulin resistance, we performed a gene microarray in the EDL of
PCKO and WT mice at D5. Principal component analysis (PCA) demonstrated that PCKO mice
had markedly altered mRNA expression of genes compared to WT mice, with the first principal
component explaining 64.7% of the variance (Figure 4.5A). Furthermore, biological replicates
were similar since they clustered closely together (Figure 4.5A). The mRNA expression of p300
and CBP (Kat3a and Kat3b, respectively) were the only acetyltransferases with significantly
reduced mRNA expression in PCKO mice (~65% and ~40%; Figure 4.6A). In line with our
findings of severe glucose intolerance and skeletal muscle insulin resistance in PCKO mice, gene
ontology (GO) enrichment analysis for down regulated genes were enriched for biological
processes important to insulin stimulation, glucose import and glucose metabolism (Figure 4.5B).
An mRNA expression heatmap of the GO biological processes “glucose metabolic process”,
“glucose homeostasis”, “response to insulin”, and “regulation of glucose import” (Same as in
Figure 4.5B), reveals that the expression of the majority of these genes (>60%) are downregulated
in PCKO mice. In fact, amongst these downregulated genes, expression is reduced by an average
of ~70% in PCKO mice (Figure 4.5C). A subset of this data was superimposed in a graphical

interpretation of the insulin signaling and GLUT4 trafficking pathway (Figure 4.5D, Figure 4.7),
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again demonstrating PCKO mice have a global reduction the expression of genes relevant to
insulin sensitivity.

PCKO mice have significant changes in the abundance of protein involved in insulin
signaling and GLUT4 trafficking at DS, but not at D3. Similar to the microarray analysis, the
PCA of TMT mass spectrometry demonstrated PCKO mice at D5 have a clearly altered protein
abundance profile compared to WT mice (Figure 4.5E). Interestingly, however, PCKO mice at D3
cluster closer to WT than to PCKO mice at D5. GO enrichment analysis for all differentially
expressed proteins were enriched in the Reactome database (33) for metabolic processes similar
to the microarray data, including “translocation of SLC2A4 (GLUT4) to the plasma membrane”
(Figure 4.5F; Reactome ID: R-HAS-1445148). Within this Reactome group, most proteins had
significantly reduced abundance at D5 (10-50% reduction), while at D3 only TBC1D4 (~40%) and

GLUT4 (~20%) had significantly reduced abundance compared to WT mice (Figure 4.5G).
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Discussion

Protein lysine acetylation is a posttranslational modification responsible for altering the
function of thousands of proteins and numerous biological processes, including within skeletal
muscle (1-6). The acetyltransferases p300 and CBP are functional homologs (8,14,15) that play a
central role in transcriptional homeostasis of skeletal muscle (16-20). Indeed, we recently
determined that loss of both p300 and CBP in skeletal muscle leads to drastic changes in the
expression of genes important to skeletal muscle function, development, and glucose metabolism
(20). However, while p300/CBP has been studied in skeletal muscle in relation to muscle function
and development (16-20), no studies have investigated their joint role in the regulation of muscle
glucose metabolism. In Study 2, we demonstrated that p300 and CBP are dispensable, individually,
for normal glucose tolerance and skeletal muscle insulin signaling and sensitivity (34). We
hypothesized that this was likely due to the large redundancy of function between p300 and CBP
and their ability to compensate for each other (14,22-24). To address this, herein we studied the
combined role of p300/CBP towards skeletal muscle insulin sensitivity by utilizing a skeletal
muscle specific and inducible p300/CBP double-knockout mouse. Our results demonstrate that
p300 and CBP are together required for maintaining normal glucose tolerance and skeletal muscle
insulin sensitivity, and that this regulation occurs, at least in part, via transcriptional regulation of
the insulin signaling and GLUT4 trafficking pathways.

Various studies have eluded to the role of p300 and CBP towards glucose handling and
insulin sensitivity (35-41). For example, in the liver insulin stimulation leads to the

PS436

phosphorylation of CB , which suppresses hepatic gluconeogenesis (39,41). Indeed, mice

carrying a mutation of this CBP phosphorylation site are more glucose intolerant during an OGTT
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(39) and insulin is unable to suppress hepatic glucose production during a hyperinsulinemic-
euglycemic clamp (41). Conversely, in the liver p300 is required to maintain hepatic
gluconeogenesis with mice lacking p300 in the liver having lower fasting glucose levels (35,36)
and decreased insulin-stimulated hepatic glucose production compared to WT mice during a
hyperinsulinemic-euglycemic clamp (42). In skeletal muscle, however, we demonstrated in Study
2 that mice with germline or inducible knockout of either p300 or CBP have comparable glucose
tolerance and skeletal muscle insulin sensitivity to WT mice. We hypothesized that the reason for
this was due to the well-documented redundancy of function between p300 and CBP and their
ability to compensate for each other (14,22-24). To address this, herein we studied mice with
skeletal muscle-specific and inducible knockout of both p300 and CBP. In the present study, we
demonstrate that PCKO mice exhibit severe glucose intolerance and skeletal muscle insulin
resistance. Interestingly, PCKO mice develop this phenotype rapidly, displaying both glucose
intolerance and a complete loss of the ability to further take up glucose in the presence of insulin
in the EDL by D3. Importantly, insulin-stimulated glucose uptake is abolished in both soleus and
EDL muscles of PCKO mice by D5, demonstrating that p300/CBP are required for insulin action,
independent of muscle fiber type. Overall, our results establish that together, p300 and CBP in
skeletal muscle are required for maintaining normal glucose tolerance and skeletal muscle insulin
sensitivity.

p300 and CBP are functionally homologous acetyltransferases (8,14,15) with well-
described compensatory actions when one of them is not present (14,22-24). Indeed, while
pancreatic knockout of either p300 or CBP leads to impaired insulin secretion and reduced islet
area, p300/CBP pancreatic double-knockout mice lack o and 3 cells completely (22). Interestingly,

the analogous PZ and CZ pancreatic knockout mice demonstrated gene dosage effects, by having
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a phenotype in between the single- and double-knockouts (22). In mice with p300/CBP knockout
in rod or cone cells of the eyes, a single knockout of p300 or CBP led to no apparent morphological
changes, while p300/CBP double knockouts have severe disruption of rod and cone cells, as well
as retinal morphology (24). The analogous PZ and CZ rod or cone knockout mice, in this case,
demonstrated a complete reversal of these phenotypes (24). Similarly, we have demonstrated that
while knockout of p300 in skeletal muscle leads to no changes in muscle contractile function (21),
p300/CBP double-knockout mice have severely impaired contractile function, which is rescued by
a single allele of p300 or CBP (20). In the present study and Study 2, we describe a similar
phenomenon where PCKO mice are severely insulin resistant, which is completely rescued not
only by giving back one of the proteins, but remarkably, also by only giving back a single allele
of either p300 or CBP. Hence, our data demonstrate, together with the literature, not only the large
redundancy of function between p300 and CBP in skeletal muscle and their ability to compensate
for the other, but also the sufficiency of a single allele of p300 or CBP for normal skeletal muscle
insulin action.

p300 and CBP are critical regulators of cellular homeostasis, including in skeletal muscle,
via their regulation of histone acetylation and gene transcription (16-18,25). Indeed, this is
exemplified by the numerous mouse models in which p300 and/or CBP knockout is lethal
(22,43,44), including in skeletal muscle (20). Included within the large network of genes
p300/CBP regulates, are genes critical for the regulation of metabolism (20,37-40,45). In the liver,
for example, CBP is necessary for the CREB-CBP-TORC2 complex which increases the
transcription of gluconeogenic genes (37,38). In skeletal muscle, p300/CBP regulate FOXO
activity (45), which is an important transcriptional regulator of glucose metabolism (40,46). In this

study, the insulin resistance phenotype seen in PCKO mice was complemented by a
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downregulation of gene networks in muscle crucial to insulin signaling, GLUT4 translocation and
glucose metabolism. Notably, the mRNA expression of genes known to cause insulin resistance in
knockout models, in either skeletal muscle or adipose tissue, were significantly reduced in PCKO
mice such as Foxol (~80%) (46), Thcldl (~80%) (47,48), Tbc1d4 (~85%) (49-52), Slc2a4 (~85%)
(53-55), Rab10 (~60%) (56-58), Rhog (~60%) (59-61), and Hk2 (~90%) (62—64). Hence, we
proceeded to analyzing PCKO mice, temporally, for changes in protein abundance using TMT-
MS. Similar to the microarray data, within just 5 days of initiating tamoxifen, loss of p300 and
CBP in skeletal muscle led to significant changes in the abundance of proteins crucial to
carbohydrate and fatty acid metabolism, as well as the translocation of GLUT4 to the plasma
membrane, including decreased abundance of TBCIDI1 (~50%), GLUT4 (~55%), and Rab10
(~30%). While these changes in protein abundance may, at least partially, explain the insulin
resistant phenotype in PCKO mice at D5, it is important to note that mice with heterozygous
knockout of these proteins (analogous to the protein reduction seen in PCKO mice) are not as
insulin resistant as PCKO mice. For example, while complete knockout of GLUT4 blocks skeletal
muscle insulin-stimulated glucose uptake to a similar degree as PCKO mice (55), heterozygous
GLUT4 knockout only reduces skeletal muscle insulin-stimulated glucose uptake by at most ~50%
(53,55,65). Additionally, complete knockout of TBCID1 in skeletal muscle (47) and 90%
knockdown of Rab10 in adipocytes (56—58) are not sufficient to block insulin-stimulated glucose
uptake completely, thus a ~50%, and ~30% reduction, respectively, would have less of an effect.
Furthermore, the abundance of these proteins were more modestly reduced at D3. In fact, the TMT-
MS data suggests that PCKO mice at D3 are more similar to WT mice than to PCKO D5 mice,
despite D3 PCKO mice exhibiting severe glucose intolerance and skeletal muscle insulin

resistance. The reason this is important is that it suggests that changes in protein abundance in
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PCKO mice do not fully explain the rapid and significant impairment of skeletal muscle insulin
sensitivity.

While p300/CBP are well known regulators of transcription, via acetylation of nuclear
proteins (16—18,25), p300/CBP also have a robust cytosolic presence (66—68). Indeed p300/CBP
acetylate numerous cytosolic proteins (5,14,69,70), including proteins that are fundamental to
insulin signaling and GLUT4 trafficking (5,42,71,72). Most notably, p300/CBP can interact with
Akt (72-79), a fundamental signaling node in the insulin signaling pathway in skeletal muscle
(80,81). Specifically, p300 (73—77) and CBP (78,79) can be phosphorylated by Akt, increasing
their acetyltransferase activity (74,75,78), while Akt can be acetylated by p300/CBP (72), which
indicate that they can be reciprocally regulated. However, there are other potentially important
p300/CBP targets within the insulin signaling pathway. For example, in Hepal-6 cells, IRS1/2 can
be acetylated by p300, which leads to reduced phosphorylation of AktS43 (42). Furthermore,
Rictor, as part of the mammalian target of rapamycin complex 2 (mTOC2), can be acetylated by
p300 in HEK293T cells, which increases mTORC2 activity towards phosphorylation of AktS4"3
(71). Considering these points together with the TMT-MS data in D3 PCKO mice, it is possible
that the insulin resistant phenotype of PCKO mice is also, at least in part, due to non-nuclear
actions of p300/CBP. In the present study, while PCKO mice had reduced insulin-stimulated
2DOGU, this was not associated with a reduction in insulin-mediated phosphorylation of Akt at
S473 or T308. This would suggest, that if p300/CBP do have a non-nuclear (i.e. non-
transcriptional) role, then it is likely to be downstream of IRS/mTORC2/Akt. Thus, in future
studies, it would be interesting to assess and alter the acetylation status of proteins downstream in
the insulin signaling pathway, to determine how their acetylation status may impact skeletal

muscle insulin action.
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In summary, we demonstrate that loss of both p300 and CBP in skeletal muscle leads to
rapid and severe whole-body glucose intolerance and skeletal muscle insulin resistance.
Remarkably, this phenotype is completely reversed by giving back a single allele of either p300 or
CBP. Complementing the insulin resistant phenotype, we also demonstrate that PCKO mice at D5
have significant downregulation of genes and proteins critical for insulin action. However,
interestingly, while PCKO mice at D3 are already glucose intolerant and insulin resistant, there
are minimal changes to the protein abundance of these same networks, leaving the possibility that
non-nuclear acylation could contribute to the described phenotype. Thus, in future studies, it will
be interesting to manipulate p300/CBP activity acutely, as we have done for deacetylases in Study
1, to better understand if p300/CBP can act on skeletal muscle biology via a non-transcriptional
mechanism. Overall, our results establish p300/CBP as novel regulators of skeletal muscle insulin
action via transcriptional regulation of the insulin signaling pathway. It will be of high interest in
future studies to investigate how the acylation of p300/CBP substrates in skeletal muscle regulate
the expression of insulin signaling genes, in order to develop novel treatments for enhancing

skeletal muscle insulin sensitivity.
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Figure 4.1: p300 and CBP are required for skeletal muscle insulin stimulated glucose uptake.
Male PCKO mice were assessed at one (D1), three (D3), or five (D5) days after initiating
tamoxifen. A-C) Blood glucose concentrations and area under the curve (AUC; inset) for male
PCKO mice at D1, D3, and D5 during an oral glucose tolerance test (OGTT; 2 g/kg); DI:
WT/PCKO = 5/9, D3: WT/PCKO = 6/10, D5: WT/PCKO = 6/11. *, p<0.05 2-way ANOVA,
PCKO vs WT within a time point for OGTT, and *, p<0.05 #-test for AUC. D-F) Basal 2-deoxy-
glucose uptake (2DOGU), Insulin (0.36 nmol/L) 2DOGU, and G-I) insulin-stimulated 2DOGU (I-
Stim.; calculated as insulin 2DOGU — basal 2DOGU) in isolated extensor digitorum longus (EDL)
and soleus muscles from male WT and PCKO mice at D1, D3, and D5; D1: WT/PCKO = 11/10,
D3: WT/PCKO = 6/7, D5: WT/PCKO = 7/10. *, p<0.05 2-way ANOVA with Sidak’s multiple
comparison vs basal within genotype for basal and insulin 2DOGU. *, p<0.05 #-test for I-Stim. *,
p>0.05 one sample t-test vs “0”. J) Phospho-Akt3*7* (pAkt>473), phospho-Akt™% (pAkt™%®), and
total Akt in basal and insulin-stimulated (- and +, respectively) EDL muscles from WT and PCKO
mice at D1, D3, and D5. Quantification of K) pAkt™® and L) pAkt>*’* compared to total protein
abundance of Akt in the EDL muscle; WT/D1/D3/D5 n= 15/5/6/11. Values are presented relative
to WT basal. *, p<0.05 2-way ANOVA, main effect of insulin. Data reported as mean + SEM. For
western blots, there were no significant differences between WT mice at the different time points
(D1, D3, and D5) therefore WT data was collapsed.
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Figure 4.2: Mice with a single allele of either p300 or CBP have normal glucose tolerance
and skeletal muscle insulin action. Male WT, CZ, PZ, and PCKO mice were assessed at five
days after initiating tamoxifen. A) mRNA expression of p300 and CBP in quadriceps muscles of
WT, CZ, PZ, and PCKO mice; WT/CZ/PZ/PCKO n=15/5/5/5. Different letters signify p<0.05 1-
way ANOVA, Tukey’s multiple comparison test. The primers for p300 and CBP mRNA were
designed to anneal onto exon 9 (exon that is floxed) and exon 10. B) Blood glucose concentrations
and C) area under the curve (AUC) for male WT, CZ, PZ, and PCKO mice during an oral glucose
tolerance test (OGTT; 2 g/kg); for WT/CZ/PZ/PCKO n = 18/16/9/7. *, p<0.05 2-way ANOVA,
PCKO vs WT within a time point for OGTT, and *, p<0.05 1-way ANOVA, vs WT for AUC. D-
E) Basal 2-deoxy-glucose uptake (2DOGU), Insulin (0.36 nmol/L) 2DOGU, and F) insulin-
stimulated 2DOGU (I-Stim.; calculated as insulin 2DOGU — basal 2DOGU) in isolated extensor
digitorum longus (EDL) and soleus muscles from male WT, CZ, PZ, and PCKO mice;
WT/CZ/PZ/PCKO n = 20/8/7/10. *, p<0.05 2-way ANOVA with Sidak’s multiple comparison vs
basal within genotype for basal and insulin 2DOGU. *, p<0.05 1-way ANOVA with Tukey’s
multiple comparison vs WT for I-Stim. », p>0.05 one sample #-test vs “0”. G) Phospho-Akt547?
(pAktS*3), phospho-Akt™% (pAktT%®), and total Akt in basal and insulin-stimulated (- and +,
respectively) EDL muscles from WT, CZ, PZ, and PCKO mice. Quantification of H) pAkt™ and
I) pAkt>*7® compared to total protein abundance of Akt in the EDL muscle; WT/CZ/PZ/PCKO n =
10/5/5/6. Values are presented relative to WT basal. *, p<0.05 2-way ANOVA, main effect of
insulin. #, p<0.05 2-way ANOVA, multiple comparison vs WT-insulin. Data reported as mean +
SEM. For all data, there were no significant differences between WT mice for the respective lines
(CZ, PZ, and PCKO) therefore WT data was collapsed.
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Figure 4.3: PCKO female mice are glucose intolerant and insulin resistant. Female WT, CZ,
PZ, and PCKO mice were assessed at five days after initiating tamoxifen. A) Blood glucose
concentrations and B) area under the curve (AUC) for female WT, CZ, PZ, and PCKO mice during
an oral glucose tolerance test (OGTT; 2 g/kg); for WT/CZ/PZ/PCKO n=12/10/13/8. *, p<0.05 2-
way ANOVA, PCKO vs WT within a time point for OGTT, and *, p<0.05 1-way ANOVA, vs WT
for AUC. C-F) Basal 2-deoxy-glucose uptake (2DOGU), Insulin (0.36 nmol/L) 2DOGU, and
insulin-stimulated 2DOGU (I-Stim.; calculated as insulin 2DOGU — basal 2DOGU) in isolated C-
D) soleus and E-F) extensor digitorum longus (EDL) muscles from female WT, CZ, PZ, and PCKO
mice; WT/CZ/PZ/PCKO n = 14/7/5/8. *, p<0.05 2-way ANOVA with Sidak’s multiple
comparison vs basal within genotype for basal and insulin 2DOGU. *, p<0.05 1-way ANOVA
with Tukey’s multiple comparison vs WT for I-Stim. Values are presented relative to WT basal.
For all data, there were no significant differences between WT mice for the respective lines (CZ,
PZ, and PCKO) therefore WT data was collapsed.
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Figure 4.4: CZ and PZ female mice continue to be phenotypically normal one month after
initiating tamoxifen. Female WT, CZ and PZ mice were assessed at 21 days after initiating
tamoxifen for the oral glucose tolerance test (OGTT) and 28 days after initiating tamoxifen for
insulin sensitivity. A) Blood glucose concentrations and B) area under the curve (AUC) for female
WT, CZ, and PZ mice during an oral glucose tolerance test (OGTT; 2 g/kg); WT/CZ/PZ n=12/6/5.
C-F) Basal 2-deoxy-glucose uptake (2DOGU), Insulin (0.36 nmol/L) 2DOGU, and insulin-
stimulated 2DOGU (I-Stim.; calculated as insulin 2DOGU — basal 2DOGU) in isolated C-D)
soleus and E-F) extensor digitorum longus (EDL) muscles from female WT, CZ, and PZ mice;
CZ: WT/KO: 5/6, PZ: WT/KO: 7/7. *, p<0.05 2-way ANOVA with Sidak’s multiple comparison
vs basal within genotype.
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Figure 4.5: Loss of p300/CBP in skeletal muscle leads to the downregulation of insulin
signaling and GLUT4 trafficking genes and proteins. A) Principal component analysis (PCA)
plot for gene expression during microarray in WT and PCKO extensor digitorum longus (EDL)
muscles; WT/PCKO n = 4/4. B) Gene ontology (GO) biological processes terms relating to
metabolism (FDR <0.1) for significantly down regulated genes in PCKO vs WT muscles. C)
Expression profile (down [blue] and up [red]) for genes within biological processes GO categories
from B. D) Graphical representation of differentially expressed genes within the insulin signaling,
GLUT4 trafficking, and metabolism pathways. E) PCA plot for protein abundance during TMT
mass spectrometry in WT, D3 PCKO, and D5 PCKO tibialis anterior muscle; WT/D3/D5 n =
3/3/3. F) Gene ontology (GO) Reactome terms relating to metabolism (FDR <0.1) for all
differentially expressed proteins in PCKO D5 vs WT muscles. G) Protein abundance for proteins
within Reactome ID: R-HAS-1445148 “Translocation of GLUT4 to the plasma membrane” for
WT, and PCKO D3 and D5 muscle. *, FDR <0.1 vs WT. Data reported as mean + SEM.
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Figure 4.6: Acetyltransferase and deacetylase mRNA expression in PCKO mice. mRNA
expression of all A) acetyltransferases and B) deacetylases detected on microarray analysis in
PCKO and WT extensor digitorum longus (EDL) muscles; WT/PCKO n = 4/4. *, FDR <0.1 vs
WT. Values are presented relative to WT basal and are expressed as mean + SEM.
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Figure 4.7: Insulin signaling, GLUT4 trafficking, and metabolism mRNA expression in
PCKO mice. mRNA expression of genes related to A) insulin signaling, B) translocation of
GLUTH4, C) docking/fusion of GLUT4 to the plasma membrane, and D) metabolism in PCKO and
WT extensor digitorum longus (EDL) muscles; WT/PCKO n = 4/4. *, FDR <0.1 vs WT. Values
are presented relative to WT basal and are expressed as mean + SEM. Genes are the same ones
depicted in Figure 4.5D.
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Chapter 5: Conclusion of Dissertation

For over 50 years, protein lysine acetylation has been known to be a major posttranslational
modification responsible for the alteration of physical properties and function of thousands of
proteins and biological processes (1, 6, 20, 45, 48, 54). Reversible acetylation requires the
enzymatic addition or removal of acetyl groups, provided by acetyl-CoA, to lysine residues of
proteins via acetyltransferases or deacetylases, respectively (7). Initially defined as histone
acetyltransferases (HATs)/deacetylases (HDACs) for their well-established role in modifying
lysine residues of histones (43), the concept that acetylation may affect the function of non-histone
and non-nuclear proteins is a more recent discovery (23, 33). Indeed, recent proteomic studies have
identified more than 2,000 acetylated non-histone proteins, many localized to the cytoplasm, and
many part of metabolic pathways, including in skeletal muscle (6, 20, 48, 54). The deacetylases,
in particular, have been investigated thoroughly for their potential role in regulating skeletal
muscle insulin sensitivity (2, 11, 50, 51, 22, 28, 31, 36, 38, 41, 42, 47), however, whether their
mechanism of action is via changes in transcription of insulin signaling proteins, acetylation of
cytosolic insulin signaling proteins, or a combination of the two was a fundamental gap in
knowledge. Conversely, to our knowledge, there were no studies published investigating the role
of acetyltransferases towards regulating skeletal muscle insulin sensitivity.

The contribution of both the HDAC (28, 31, 38, 42, 47) and sirtuin (2, 11, 22, 36, 41) class
of deacetylases towards skeletal muscle insulin action has been heavily studied. HDACs 4, 5, and
9, for example, work to repress the transcription of the GLUT4 (28, 31, 47), while SIRTI is
required for the enhancement of skeletal muscle insulin sensitivity via deacetylation and

inactivation of the transcription factor Stat3, which results in decreased gene and protein
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expression of the p55a/p50a regulatory subunits of PI3K (36). Notably, however, these studies do
not discern whether deacetylases regulate insulin action via a purely transcriptional or a
combination of transcriptional and non-transcriptional mechanisms. We directly tested this notion,
in Study 1, by utilizing small molecule inhibitors of different classes of deacetylases acutely (i.e.
1 hour), in order to remove transcription as a confounding variable. We found that 1 hour treatment
with deacetylase inhibitors was sufficient to increase both global acetylation and acetylation of
deacetylase targets in both L6 myotubes and mouse skeletal muscle. However, this did not translate
into changes in insulin-stimulated glucose uptake or signaling in L6 myotubes or mouse skeletal
muscle. Considering that the same inhibitors increase insulin action in skeletal muscle when
treated for over 24 hours (13, 31, 38, 42), our results suggest that deacetylases modulate skeletal
muscle insulin action purely via transcriptional mechanisms.

Considering the primary method of regulation of deacetylases towards skeletal muscle
insulin sensitivity is through a transcriptional mechanism, we turned towards the
acetyltransferases. In Study 2, specifically, we investigated the individual contributions of p300
and CBP, in vivo, to whole-body glucose tolerance and skeletal muscle insulin action. The
motivation behind studying p300 and CBP is because they can be phosphorylated by both insulin
stimulation (15, 46, 55) and Akt (17, 24, 25, 34), and they have a robust cytosolic presence (3, 10,
32) which allows them to acetylate insulin signaling and GLUT4 trafficking proteins downstream
of Akt (48). Taken together, it provides the premise for a putative Akt-p300/CBP axis in the
regulation of insulin signaling to glucose uptake. We hypothesized, therefore, that knockout of
either p300 or CBP in skeletal muscle would be sufficient to perturb the putative Akt-p300/CBP
axis in muscle, leading to an impairment of insulin action. To directly test this hypothesis, we

generated 4 novel mouse models: germline-mediated or adulthood-mediated, muscle-specific
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knockout of p300 or CBP. We found, however, that p300 and CBP, individually, were dispensable
for normal glucose tolerance, and insulin stimulated glucose uptake. Furthermore, while studies
demonstrate that p300/CBP can acetylate and alter the function of Akt (39), IRS1/2 (5), and
mTORC?2 (14) leading to altered phosphorylation of Akt, we determined that Akt acetylation, and
insulin-stimulated Akt phosphorylation were not different in p300 or CBP knockout muscle,
indicating that Akt, PDK1, and mTORC2 function were likely not altered. Given that certain
strains of genetically-modified mice to not demonstrate a phenotype until they have been
metabolically stressed (30, 36), we decided to study the p300 and CBP knockout mice utilizing
both a calorie restriction and high fat diet, which are known to improve (27, 36) and hinder (40,
49, 51) insulin sensitivity, respectively. However, while high-fat diet worsened glucose tolerance
and calorie restriction enhanced glucose tolerance and skeletal muscle insulin sensitivity in WT
mice, these dietary effects were not affected by the loss of p300 or CBP. Hence, while p300 and
CBP are connected to both Akt and insulin signaling in other cell and tissue types, they are
dispensable, individually, for skeletal muscle insulin action.

We attributed the lack of a phenotype in the p300 and CBP single knockout mice to the well
documented redundancy of function between p300 and CBP, and their ability to compensate for
one another (8, 16, 29, 52). Hence, in Study 3, we generated mice with skeletal muscle-specific
and inducible, double knockout of p300/CBP. Interestingly, mice lacking both p300 and CBP in
skeletal muscle become severely glucose intolerant and skeletal muscle insulin resistant within
just days of inducing the knockout. To better understand the dosage effects of p300 and CBP, we
also generated mice that had only a single allele of either p300 (PZ) or CBP (CZ). Remarkably,
giving back a single allele of either p300 or CBP completely rescued the insulin resistant

phenotype of p300/CBP double knockout mice. Not only do our results demonstrate the functional
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redundancy of p300 and CBP, but it establishes p300/CBP as jointly required for skeletal muscle
insulin action. For insight into what could be causing this dramatic phenotype, we utilized both
microarray and TMT mass spectrometry to assess the transcriptome and proteome of double
knockout mice muscle. p300/CBP double knockout muscles had markedly downregulated mRNA
expression of genes and protein abundance of critical proteins in the insulin signaling pathway,
such as TBCID1 (~50%), GLUT4 (~55%), and Rab10 (~30%), only 5 days after initiating
tamoxifen treatment. While these changes in protein abundance mays, at least partially, explain the
insulin resistant phenotype, it is important to note that mice with heterozygous knockout of these
proteins (analogous to the protein reduction seen in PCKO mice at D5) are not as insulin resistant
as PCKO mice (9, 12, 19, 35, 37, 44, 56). Furthermore, while double knockout mice at D3 are
severely insulin resistant, based on the proteomics analysis PCKO mice at D3 are more similar to
WT mice than PCKO mice at D5. Hence, while knocking out p300/CBP leads to the
downregulation of the expression of insulin signaling and GLUT4 trafficking gene and protein
networks, this does not fully explain the phenotype seen in p300/CBP double knockout mice,
suggesting that non-nuclear acetylation could contribute to the described phenotype.

In conclusion, the findings from the three Studies of this Dissertation provide important
insights into the role of p300/CBP and acetylation towards the regulation of skeletal muscle insulin
sensitivity. Study 1 of this Dissertation revealed that deacetylases do not modulate skeletal muscle
insulin action via non-nuclear acetylation, but rather likely do so via purely transcriptional
mechanisms. In Study 2, we demonstrate that individual knockouts of p300 or CBP are insufficient
to alter skeletal muscle insulin action, likely due to compensation. Accordingly, in Study 3, we
establish p300/CBP, jointly, as novel critical regulators of skeletal muscle insulin sensitivity, via

transcriptional, and potentially non-transcriptional, mechanisms of action. Thus, the Studies from
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this Dissertation have contributed to significant gaps in the literature and broaden our current
understanding of deacetylases/acetyltransferases towards skeletal muscle insulin action. Taken
together, while it is clear that acetylation is a prevalent post-translational modification in skeletal
muscle (21, 26), which can act to modify the function of insulin signaling proteins (4, 5, 14, 18,
39, 53), further studies are needed to clarify the role of p300/CBP towards skeletal muscle insulin
signaling and action. In future studies, it will be interesting to manipulate p300/CBP activity
acutely, as we have done for deacetylases in Study 1, to better understand if the phenotype of the
p300/CBP double knockout mice are due to changes in transcription of insulin signaling proteins,
acetylation of cytosolic insulin signaling proteins, or a combination of the two. Furthermore, given
that transcriptional changes do not fully explain the insulin resistance of PCKO mice, it will be of
high interest in future studies to probe p300/CBP substrates in order to determine how their
acetylation status can alter skeletal muscle insulin sensitivity and overall muscle physiology. The
potential future applications of this work would allow us to better understand the insulin signaling
and GLUT4 trafficking pathway, under the lens of acetylation as a novel regulatory mechanism.
This new understanding of the pathway and targets could yield entirely novel strategies to optimize
insulin signaling that ‘work” downstream and/or independently of PI3K-Akt, increasing specificity
to insulin-stimulated glucose uptake and decreasing the risk of off-target effects, which would

have great potential to improve human health and quality of life.
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APPENDIX

Microarray methods. RNA was extracted from EDL muscle by Tri reagent (Sigma
Aldrich, Kent, UK) and purified on Reliaprep spin columns (Promega, Wisconsin, USA) using the
manufacturer’s instructions. RNA concentrations were determined using the LVis function of the
FLUOstar Omega microplate reader (BMG Labtech, Buckinghamshire, UK) and RNA integrity
number (RIN) assessed using an Agilent 2100 Bioanalyzer System (Agilent Technologies LDA,
Cheshire, UK). A RIN value >9 per sample was deemed appropriate for Microarray analysis.
Microarray analysis was performed at the Functional Genomics and Proteomics Facility,
University of Birmingham, UK, using Agilent SurePrint G3 Mouse GE 8x60K Microarrays
(Agilent Technologies LDA, Cheshire, UK) according to the manufacturers instructions.
Differential expression was assessed with an R package limma (5) applied to log2-transformed
signal intensities. Statistical significance of each test was expressed in terms of local false
discovery rate (Ifdr) (1) using the limma function eBayes. Probes were sorted by 1fdr and gene-
level summaries were made by annotating probes with Entrez gene ID’s and assigning the lowest
observed Ifdr to a gene (usually, several probes map onto the same gene ID because of multiplicity
of transcripts and redundancy of the microarray design). In the end, we report 15,330 detected
genes and IncRNA loci, of which 3,310 are significantly differentially expressed at the level of

Ifdr < 0.1, i.e., they each have better than 90% probability of being differentially expressed.
y p

Tandem mass tag mass spectrometry methods. Sample lysis - The samples (~50 mg of
muscle tissue) were resuspended in 200 uL of ice cold 50 mM ammonium bicarbonate (ABC) in

a vial containing 2.4 mm stainless steel beads (Omni International, Kennesaw GA). The samples
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were lysed on an Omni Bead Ruptor 24 homogenizer at speed 6 for 30 s followed by a one minute
rest on ice. This was repeated 4 times for a total of 5 cycles. The beads were then rinsed with an
additional 200 uL. of 50 mM ABC, and tissue homogenate was placed on ice and lysed by probe
sonication (3x for 15 s with a 30 s rest between cycles). An additional 200 uL aliquot of 50 mM
ABC was added, and protein concentrations were determined using the Pierce™ BCA Protein

Assay Kit (Thermo Scientific, Rockford, IL). Sample digestion - Samples were digested using the

protease max protocol (Promega, Madison, WI). Briefly, a 1% protease max solution was added
to 60 ng of each sample in 50 mM ABC for a final concentration of 0.2%. The samples were gently
vortexed for 30 min at room temperature, and further diluted with 50 mM ABC to achieve a
protease max concentration of 0.046%. The samples were reduced with dithiothreitol (final
concentration of 6 mM) for 20 min at 50°C and alkylated with iodoacetamide (final concentration
of 6 mM) for 15 min at room temperature in the dark. The protease max concentration was adjusted
to 0.05% before 2.4 pg of trypsin (sequencing grade modified trypsin, Promega, Madison, WI)
was added to each sample. The samples were incubated for 6 h at 37°C. After the incubation, TFA

was added to a final concentration of 1% to quench the samples. The samples were incubated with

mixing for 15 min at room temperature. Peptide sample cleanup - Peptides were purified by solid
phase extraction using BioPureSPN MIDI cartridges (Nest Group, Inc., Southborough, MA). The
cartridges were conditioned 3x with 100 pL of 80% ACN/0.1% TFA and equilibrated 3x with 100
uL of 0.1% TFA. The samples were loaded and passed through the cartridges three times. The
samples were washed 3x with 75 pL of 0.1%TFA then eluted 4x with 50 pL 80% ACN/0.1% FA.
Peptide concentrations were determined using the Pierce™ Quantitative Colorimetric Peptide
Assay (Thermo Scientific, Rockford, IL). The peptide samples were dried by speed vacuum in

preparation for TMT labeling. TMT labeling - The TMT 10-plex reagents (0.2 mg) were each
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dissolved in 12 pL of anhydrous ACN. The peptides were reconstituted in 100 mM
triethylammonium bicarbonate (TEAB) and 20 pug (25 puL) was added to 0.2 mg of its respective
10-plex TMT reagent. The samples were incubated for 1 hour at room temperature with gentle
mixing. Two pL of each reaction mixture was then mixed, 2 pL of 5% hydroxylamine added, and
the combined sample incubated for a further 15 min with gentle mixing. The mixture was then
dried down, dissolved in 5% formic acid, and 2 pg of peptide analyzed by a single 2 h LC-MS/MS
method using an Orbitrap Fusion as described below. This run was performed to normalize the
total reporter ion intensity of each multiplexed sample and check TMT labeling efficiency. The
remaining samples were quenched by addition of 2 pL of 5% hydroxylamine as above, then
combined in a 1:1:1:1:1:1:1:1:1 ratio based on total reporter ion intensities determined during the
normalization run, and dried down in preparation for 2D-LC-MS/MS analysis. LC-MS/MS
analysis - Multiplexed TMT-labeled samples were reconstituted in 10 mM ammonium formate pH
9 and separated by two-dimensional reverse-phase liquid chromatography using a Dionex NCS-
3500RS UltiMate RSLCnano UPLC system. A 40 pl sample (60 pg) was injected onto a NanoEase
5 um XBridge BEH130 C18 300 um x 50 mm column (Waters) at 3 pL/min in a mobile phase
containing 10 mm ammonium formate (pH 9). Peptides were eluted by sequential injection of 20
uL volumes of 14, 17, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 35, 40, 45, 50 and 90% ACN in
10 mm ammonium formate (pH 9) at 3 uL./min flow rate. Eluted peptides were diluted with mobile
phase containing 0.1% formic acid at 24 puL/min flow rate and delivered to an Acclaim PepMap
100 pm x 2 cm NanoViper C18, 5 pm trap on a switching valve. After 10 min of loading, the trap
column was switched on-line to a PepMap RSLC C18, 2 um, 75 pm x 25 cm EasySpray column
(Thermo Scientific). Peptides were then separated at low pH in the second dimension using a 7.5—

30% ACN gradient over 90 min in mobile phase containing 0.1% formic acid at 300 nl/min flow
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rate. Each second-dimension LC run required 2 h for separation and re-equilibration, so each 2D
LC-MS/MS method required 36 h for completion. Tandem mass spectrometry data was collected
using an Orbitrap Fusion Tribrid instrument configured with an EasySpray NanoSource (Thermo
Scientific). Survey scans were performed in the Orbitrap mass analyzer (resolution = 120,000),
and data-dependent MS2 scans performed in the linear ion trap using collision-induced
dissociation (normalized collision energy = 35) following isolation with the instrument's
quadrupole. Reporter ion detection was performed in the Orbitrap mass analyzer (resolution =
60,000) using MS3 scans following synchronous precursor isolation of the top 10 ions in the
quadrupole, and higher-energy collisional dissociation in the ion-routing multipole (normalized

collision energy = 65). TMT Data Analysis - RAW instrument files were processed using Proteome

Discoverer (PD) version 1.4.1.14 (Thermo Scientific). For each of the TMT experiments, raw files
from the 18 fractions were merged and searched with the SEQUEST HT search engine with a Mus
musculus canonical uniprot protein database downloaded January 2018 (22,276 entries) along with
179 common contaminant sequences. Searches were configured with static modifications for the
TMT reagents (+229.163 Da) on lysines and N termini, carbamidomethyl (+57.021 Da) on
cysteines, dynamic modifications for oxidation of methionine residues (+15.9949 Da), parent ion
tolerance of 1.25 Da, fragment mass tolerance of 1.0005 Da, monoisotopic masses, and trypsin
cleavage (max 2 missed cleavages). The large parent ion tolerance was used to increase the number
of peptides being scored to improve discrimination of true versus false identifications (2). Searches
used a reversed sequence decoy strategy to control peptide false discovery and identifications were
validated by Percolator software (3). Only peptides with q scores < 0.05 were accepted, and at
least one unique peptide was required for matching a protein entry for its identification. Search

results and TMT reporter ion intensities were exported as text files and processed with in-house
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scripts. A median reporter ion intensity peak height cutoff of 750 was used, along with an
additional cutoff of 20 ppm parent ion tolerance and all reporter ion intensities for unique peptides
matched to each respective protein were summed to create total protein intensities. Zero values
were substituted with an intensity of 150, which is approximately half of the minimum observed
reporter ion intensity in any given channel. Proteins where quantitation was based on a single
spectra, or where the average reporter ion intensity was below 4,000, were flagged as poor quality
data and were excluded from further analysis. Differential protein abundance between groups was
then determined by comparing the total reporter ion intensities using the Bioconductor package
edgeR (4), which uses quasi negative binomial and the quantile-adjusted conditional maximum
likelihood (qCML) method for experiments with single factor. Additional data normalizations,

multiple testing corrections, and calculation of false discovery rates were performed within edgeR.
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