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Abstract

Cachexia is a severe muscle-wasting syndrome associated with several chronic diseases such as
cancer and AIDS. Muscle mass loss significantly decreases prognosis and survival. The
mechanisms of muscle atrophy and the specific proteins targeted for degradation have been
intensely studied and are potential therapeutic targets. Published reports that myosin heavy chain
(MyHC), the most abundant protein by mass in skeletal muscle, is selectively targeted for
degradation in cancer cachexia remain controversial. Here we show that the results of previous
studies showing a selective decrease in MyHC are likely an artifact resulting from muscle lysis
methods which do not solubilize myosin out of myofibrils. We show that MyHC decreases in
parallel with other myofibrillar proteins in cachectic skeletal muscle, which has mechanistic and
therapeutic implications. These findings should lead to mechanistic insight into the stoichiometry
of sarcomeric disassembly and degradation during cancer cachexia.

Introduction

Muscle comprises 40% of the human body and is an important amino acid reservoir during
times of starvation and disease. Muscle protein breakdown is initially beneficial to the
organism because it provides the liver with amino acids for gluconeogenesis and acute phase
protein synthesis, and serves as an energy source for other cell types.! However, chronic
muscle catabolism is detrimental and causes profound muscle weakness and fatigue,
decreased respiratory function, decreased overall prognosis, and increased mortality.?
Accelerated skeletal muscle mass loss in the context of disease is known as cachexia, which
occurs in patients with chronic heart failure, AIDS, and cancer. Approximately one-half of
cancer gatients suffer from cachexia and it contributes to greater than one-third of cancer
deaths.

Myofibrillar proteins comprise at least 60% of all muscle proteins, and they decrease
significantly in both humans and rodents with cachexia.3 4 Myosin is the motor component
of muscle and causes contraction upon actin binding and ATP hydrolysis. Each myosin
molecule is composed of two heavy chains and four light chains. Myosin heavy chain
(MyHC) contains three protein domains: the head, neck, and rod. The N-terminal head
domain is globular, has ATPase activity, and associates with actin. There is a short a-helical
neck region that extends from the head and binds the myosin light chains. This neck extends
into the rod domain, which is the highly conserved C-terminal portion of the molecule, and
is responsible for myosin assembly by dimerizing to form an o-helical coiled-coil.> The rod
is composed of 40 amino acid repeats, each of which is arranged into alternating bands of
positive and negative charges leading to differentially charged zones along the outer surface
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of the rod.5: 7 Electrostatic interactions between oppositely charged portions of two rods
likely provide the driving force for assembly of the a—helical coiled-coil and higher order
oligomers and filaments. Myosin solubility is therefore dependent on salt concentration, and
MyHC assembles into filaments in low ionic strength solutions (< 200 mM) and
disassembles as ionic strength increases (= 300 mM).8: 9

Several groups have shown that MyHC is selectively targeted for degradation in skeletal
muscle and is decreased by up to 80% during catabolic conditions, including cancer,10-13
but we were unable to reproduce those results. Selective degradation of MyHC implies a
very different mechanism underlying muscle cachexia compared to total myofibrillar
degradation and therefore, it is important to consider which of these scenarios is correct.
Interestingly, the studies showing a selective decrease in MyHC used very low ionic
strength lysis buffers for their MyHC analysis. Low-salt lysis buffers do not solubilize
myosin from thick filaments, resulting in artificially low MyHC levels in the soluble fraction
(supernatant) of the lysate, and an inaccurate representation of sarcomeric MyHC quantities.
We propose that accurate quantification of MyHC can only be achieved when muscles are
homogenized in a high-salt (= 300 mM) buffer. Using a colon-26 adenocarcinoma mouse
model, we show that all myofibrillar proteins decrease in parallel and that MyHC is not
selectively degraded in cachectic muscles.

Materials and Methods

Animal studies

CD2F1 male mice (Balb/c x DBA/2, The Jackson Laboratory) were used in the colon-26
adenocarcinoma cachexia (C-26) studies. C-26 (5 x 10° cells in 100 uL PBS) was injected
subcutaneously into the right flank of 8-week old mice. Mice were weighed and cervically
dislocated 27 days post-tumor cell inoculum. Tissues were rapidly excised, weighed, flash-
frozen in liquid nitrogen and stored at —80 °C for further analysis. All animal studies were
reviewed and approved by the Institutional Animal Care and Use Committee at the
University of Colorado at Boulder.

Muscle homogenization and lysis buffers

For MyHC analysis, muscles were homogenized in myosin extraction buffer (MEB)14 which
is composed of 300 mM NaCl, 0.1 M NaH,POy4, 0.05 M NapgHPOy4, 0.01 M NaysP,07, 1 mM
MgCl,, 10 mM EDTA, and 1 mM DTT, pH 6.5 and complete protease inhibitor cocktail
(Roche). Conventional low-salt lysis buffer (LB) is composed of 50 mM Tris, 150 mM
NaCl, 50 mM NaF, 1 mM EDTA, 0.5% Triton X-100, pH 7.5 and complete protease
inhibitor cocktail. Lysates were centrifuged at 12,000 rpm for 15 min at 4 °C. The
supernatant was removed, and protein concentration determined (Bio-Rad DC protein
assay). In certain cases, the insoluble pellet was resuspended in 0.5 M NaOH.

Myofibrillar gels and western blots

Tissue lysates were boiled in SDS loading buffer in order to dissociate individual MyHC
molecules from myosin. The myofibrillar resolving gels (10% acrylamide) were stained with
Imperial Protein Stain (Thermo Scientific) and scanned and analyzed with ImageJ. Western
blots (7.5% acrylamide) were transferred to polyvinylidene difluoride (PVDF) membranes
overnight. Primary antibodies were: MyHC (MF20 Developmental Studies Hybridoma
Bank, 1:5), a-actin (Sigma clone 5C5). Immunoreactivity was visualized using a Western
Lighting chemiluminescence detection system (Perkin Elmer) and quantified using ImageJ.
The range of protein for optimal detection of MyHC in MEB lysates is 0.25 — 0.5 ug for
immunoblots and 0.5 pg — 1 ug for Coomassie-stained SDS-PAGE gels. The protein range
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for MyHC detection in LB is 5-10 pug for immunoblots and 20-100 pg for Coomassie-
stained SDS-PAGE gels, but this may vary due to variable extraction of myosin in LB.

Data and statistical analysis

Results

Data are presented as mean + SEM. Differences between groups were evaluated for
statistical significance using Student’s t-test. P values less than 0.05 were considered
significant.

In order to accurately quantify MyHC in muscle, we first determined the relative solubilities
of myosin in conventional low-salt LB (150 mM NaCl) and high-salt MEB (300 mM NaCl)
lysis buffers in control tibialis anterior (TA) muscles of mice. It is important to note that we
are referring to the extent of myosin extraction from the highly ordered myofibril, not the
solubility of the MyHC monomer itself, which dissociates from myosin upon SDS-PAGE
analysis. When equal amounts of the soluble fraction (supernatant) from each lysate were
loaded, SDS-PAGE revealed that lysis in LB results in 94% less MyHC in the soluble
fraction than lysis in MEB (Figure 1A). Because myosin is insoluble in low salt, we
reasoned that most of the MyHC would be found in the insoluble (pellet) fraction of the LB
lysate. To determine the ratio of MyHC in the soluble vs. insoluble fractions of each buffer,
equal amounts of protein were loaded from the supernatant and pellet respectively, on the
same SDS-PAGE gel. Muscle lysis in MEB results in 10-fold higher levels of MyHC in the
supernatant compared to the pellet (Figure 1B), while lysis in LB results in greater than 5-
fold levels of MyHC in the pellet versus the supernatant (Figure 1C). Conventional low-salt
buffers therefore solubilize less than 20% of sarcomeric myosin, which agrees with
solubility studies in vitro.8 Thus, MyHC levels are not accurately represented in the
supernatant fractions of LB lysates, and should be interpreted with caution.

To address the extent of MyHC loss in cachectic muscles, we used a murine colon-26
adenocarcinoma (C-26) model, which induces a rapid and severe cachexia.1> Others have
reported that MyHC is selectively decreased in the muscles of C-26 tumor-bearing mice,1°
but we were unable to reproduce those results using extracts from muscles lysed in high salt.
We therefore determined the effect of lysis buffer ionic strength on the quantification of
MyHC in cachectic muscle by analyzing MyHC levels in the same muscle using MEB or
LB. All samples were homogenized at the same time using identical protocols. Although
tumor-bearing mice lose greater than 50% of their gastrocnemius muscle mass,6 we did not
observe a decrease in MyHC levels in the MEB lysate from cachectic muscles (Figure 2).
We observed significant variability in MyHC levels when we lysed the same muscles in LB
(Figure 2, Supplementary Figure 1 for Western blot equivalent). Both the control and
cachectic groups showed variability in MyHC levels such that there was not a statistically
significant difference between cancer and control groups. This experiment was repeated
with TA muscles and the same results were obtained (data not shown).

Many published studies also show a large variation in MyHC levels in cachectic
muscles,10-12 put still report that there is an overall decrease. Our results seem to indicate
that the extent of myosin extraction in LB is not only inefficient and incomplete, but also
highly variable, which makes quantification difficult and prone to error. We found it
necessary to load 20-fold more protein in the LB group than in the MEB group because
myosin extraction in LB is so inefficient. Because most other cellular proteins are soluble in
LB, MyHC appears to be decreased relative to other proteins, leading to the conclusion that
MyHC is selectively decreased. Our results show that this conclusion is likely based upon an
artifact resulting from the tissue lysis procedure.

Int J Cancer. Author manuscript; available in PMC 2013 June 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cosper and Leinwand

Page 4

The myosin to actin ratio is physiologically relevant because it determines the contractile
function of the muscle. The suggestion that MyHC is selectively decreased implies that
other myofibrillar proteins, such as sarcomeric actin, do not decrease in cachectic muscles.
Because only sarcomeric a-actin is physiologically relevant to muscle contraction, we
immunoblotted control muscle lysates in each buffer for both sarcomerica-actin and total
MyHC. We found 70% higher levels of sarcomeric a-actin in the MEB lysate, implying that
this buffer is also better for solubilizing and quantifying sarcomeric actin and MyHC to actin
ratios (Figure 3A and Supplementary Figure 2A).

We have determined the appropriate conditions for optimal myosin and actin solubilization
and quantification, but an accurate method for comparing sarcomeric protein levels between
control and atrophic muscles remains a controversial issue. Muscles lysed in MEB contain a
very high concentration of MyHC, requiring less than 1 ug of total protein for analysis. Thus
loading the same amount of protein on a gel results in artificially high levels of MyHC in the
cachectic samples, erroneously suggesting that MyHC levels do not change in atrophic
conditions (refer to Figure 2). We reasoned that loading gels based upon percent of final
muscle weight would allow us to better quantify the relative amounts of MyHC and other
myofibrillar proteins since the number of myocytes does not change in atrophic muscle.1’

We analyzed 0.002% of final gastrocnemius muscle weight in MEB by SDS-PAGE and
found a 27% decrease in MyHC and a 22% decrease in actin in the cachectic muscles
(Figure 3B). The MyHC/actin ratio does not change, implying that MyHC and actin
decrease in parallel during cancer cachexia. Similar analysis in atrophic cardiac muscle also
revealed a parallel decrease in MyHC and actin.18 This result provides insight into the
mechanisms of muscle atrophy as it implies that whole sarcomeres are degraded during
cachexia, as opposed to MyHC alone.

Discussion

We have described the optimal lysis conditions and analytical method to compare MyHC
levels in control and cachectic muscle. Additionally, our results more accurately reflect the
extent of MyHC loss. Some groups have shown greater than an 80% reduction in MyHC,
which is not realistic.10: 11. 18 |f muscle mass decreases by 50% and myosin comprises 30%
of total muscle protein, then MyHC should decrease only by 15%, which is 5-fold less than
what has been reported. The results we obtained with high-salt myosin extraction showed a
~20% decrease in MyHC in cachectic muscle, which is near the expected value. Our results
are therefore a more physiologically accurate approximation of the changes in myofibrillar
proteins during cachexia.

The ubiquitin proteasome pathway mediates myofibrillar protein degradation® but how
sarcomeric proteins, including MyHC, are removed from the sarcomere and ubiquitinated is
unknown. MyHC is embedded in the sarcomere and it has been proposed that during
atrophy, components of the thick filament are lost from the myofibril first, which increases
the susceptibility of MyHC to ubiquitination and dissociation from the sarcomere.20 This
group also found a decrease in all myofibrillar proteins in a denervation atrophy model,
which agrees with our results. Therefore, the claim that MyHC is selectively decreased in
atrophic muscles is likely incorrect given that MyHC cannot be targeted for degradation
while associated with the actomyosin complex.19: 20

If myosin is insoluble in low salt regardless of disease state, why do some studies show a
consistent decrease in MyHC levels in atrophic muscles? There is evidence that the MyHC
present in the soluble fraction of low-salt lysates is newly synthesized protein that has not
yet been incorporated into sarcomeres. “Easily releasable myofilaments” are elements of the
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sarcomere that easily dissociate in a low-salt, ATP-containing relaxing solution.?! Less than
3% of total myofibrillar protein is “easily releasable” but analysis of this population revealed
that MyHC and actin are the two predominant proteins. Moreover, this MyHC was shown to
be newly synthesized, which indicates that it had not yet been incorporated into a
sarcomere.?1 Additionally, a low concentration of MyHC remains unassembled at
equilibrium with filaments,22 suggesting the existence of a small, unincorporated and
soluble pool of myosin. Thus the soluble MyHC in low salt that we, and others, have
observed may represent newly synthesized myosin. Because protein synthesis often
decreases in cachectic muscle,23 it would be logical to find less of this soluble MyHC in the
muscles of tumor-bearing mice.

There is also evidence that this easily releasable pool represents an intermediate in the
breakdown of myofibrils since these filaments increase during muscle atrophy induced by
fasting and cancer.24 25 This implies that there is an initial cleavage step that releases
MyHC and actin from the surface of the sarcomere during normal protein turnover and in
catabolic states. If the soluble pool of MyHC represents cleaved protein, it would be
counterintuitive to find less of this in cachectic muscle where rates of myofibrillar
proteolysis are increased. However, analysis of time points later in atrophy may reveal
decreased levels of free MyHC if the muscle is protecting itself from further mass loss by
decreasing myofilament cleavage. However, regardless of the identity of the low-salt soluble
MyHC pool, we have shown that it does not accurately represent sarcomeric myosin and
therefore does not indicate physiological MyHC levels.

The solubility properties of myosin have been known for decades but have been largely
ignored in many studies of muscle atrophy, likely because one tissue lysate was used to
quantify all proteins in the cell. It is important to consider the biochemical properties and
solubilities of proteins during analysis as lack of awareness of this could lead to erroneous
results. Importantly, high-salt lysis buffer should only be used to solubilize and quantify
myosin. Other proteins should be solubilized in conventional, low-salt buffers for accurate
analysis. We have shown that muscle lysis in high salt and final analysis based upon percent
muscle mass provide an accurate way to quantify MyHC in the context of catabolic disease.
Most importantly, we have shown that MyHC is not selectively decreased in cachectic
skeletal muscle. This provides insight into the mechanisms of muscle atrophy and indicates
that entire sarcomeres are degraded simultaneously, which has several important therapeutic
implications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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MyHC solubility in high salt myosin extraction buffer (MEB) and low salt lysis buffer (LB).
(A) Coomassie-stained myofibrillar gel of the supernatant fraction of tibialis anterior muscle
lysed in MEB and LB. 10 pg of protein was loaded for each sample. (B) Coomassie-stained
myofibrillar gel of 10 pg of the supernatant and pellet fractions of tibialis anterior muscle
lysed in MEB or LB (C). Histograms to the right of each figure represent MyHC and actin
quantities in each sample. * p < 0.05, *** p < 0.0001. Graphs are mean + SEM.
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Figure 2.

Comparison of MyHC levels between control and cachectic (C-26) gastrocnemius muscle
using MEB and LB in the same muscle. Portions of each muscle were lysed in both MEB
and LB for direct comparison (the letter above a sample corresponds to a muscle). Due to
the inefficiency of MyHC extraction in LB, 20 pug of LB lysate was analyzed, as opposed to
1 pg of MEB lysate. The histogram represents MyHC and actin levels in each disease and
buffer condition. Graphs are mean + SEM.
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Figure 3.

(A) A western blot for MyHC and a-sarcomeric actin in control left ventricular muscles
lysed in MEB or LB. 10 ug of protein was loaded for each sample. (B) MyHC decreases in
parallel with actin in cachectic gastrocnemius muscle lysed in MEB. 0.002% of final muscle
weight was analyzed per sample. * p < 0.05, ** p < 0.01, *** p < 0.0001. Graphs are mean
+ SEM.
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