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Abstract Six1 is a transcription factor that, along with

cofactors (Eya1, Eya3, and Dach2), regulates skeletal

muscle fiber-type and development. SIX1 (human) gene

expression decreases after overload, but the time course of

Six1 expression, if protein is affected, and if the response

differs between muscles with differing phenotypes, is not

known. Our purpose was to examine Six1 gene and protein

expression and co-factor gene expression during the initi-

ation of muscle overload, and determine if the muscle

phenotype altered this response. The plantaris and soleus

were functionally overloaded by synergistic ablation of the

gastrocnemius, and Six1 gene and protein, and Six1

cofactor gene expression was measured. Six1 gene

expression decreased at 1 day of overload 48 ± 9 and

47 ± 20 % (p \ 0.01) in the plantaris and soleus. After

3 days of overload, Six1 protein expression increased

73 ± 17 and 168 ± 57 % in the plantaris and soleus

(p \ 0.05). After 1 day of overload, Dach2 gene expres-

sion decreased 56 ± 9 and 35 ± 3 % in both muscles

(p \ 0.001), while Eya1 decreased 33 ± 5 % only in the

soleus (p \ 0.01). Eya3 gene expression increased

127 ± 26 % (p \ 0.05) and 76 ± 16 % (p \ 0.05) in the

plantaris and soleus, while Dach2 gene expression

decreased 71 ± 4 % (p \ 0.05) in the soleus after 3 days

of overload. Six1 and Six1 co-factor expression is

responsive to muscle overload in both fast and slow mus-

cles. This indicates that this molecular program may affect

overload adaptation regardless of muscle phenotype.

Keywords Synergistic ablation � Eya1 � Eya3 � Dach2

Introduction

The plasticity of skeletal muscle is both morphologic and

physiologic, and these adaptations occur through changes

in gene and protein expression. Skeletal muscle overload

leads to an increase in muscle size (hypertrophy), an

increase in force production, and improvements in overall

skeletal muscle function resulting in enhanced work

capacity [1, 2]. These favorable adaptations are beneficial

to a wide range of individuals (e.g., from elite athletes to

individuals with chronic disease) [3, 4]; however, the

molecular processes leading to these beneficial changes are

not completely understood. A better understanding of these

processes will enhance therapies designed to improve

skeletal muscle function.

Characterization of a skeletal muscle phenotype can be

done by examining a muscle’s contractile and metabolic
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properties [5, 6]. Both slow-contracting, highly oxidative

fibers and fast-contracting, highly glycolytic fibers adapt

favorably to overload [7]; however, there is evidence that

fast and slow fibers differ in the rate and magnitude of

response when subjected to overload [5, 7]. Additionally,

fast and slow muscles may not respond similarly to the

same overload because of differences in recruitment or

loading, resulting in an altered adaptive response [5, 8].

Therefore, knowledge of the fiber type-specific response to

muscle overload is important in designing more effective

training or rehabilitation programs.

Whole genome expression profiling can be used to

identify candidate genes that control the adaptation of

skeletal muscle to stress [9]. Recently, our laboratory

utilized this technique in humans at multiple early time

points following acute muscle overload to identify novel

transcriptional and regulatory factors [10]. Out of thou-

sands of gene probes on the profiling chip, only two were

identified as having altered expression at more than one

time point. Of the two genes identified, SIX1 gene

expression was decreased 3 and 6 h following overload,

which was further verified by qRT-PCR. Some limitations

of this study are that there was no quantification of Six1

protein or Six1 cofactors, only one heterogeneous (fiber

type) muscle biopsy was examined, and no measures were

made beyond 24 h. Thus, while intriguing, few conclusions

could be made regarding the role of Six1 or cofactors in the

muscle overload response.

Six1 is an embryonic homeobox developmental gene

homologous to sine oculus (without eyes) first identified in

Drosophila, and is necessary for proper embryonic devel-

opment of many tissues and organs, including skeletal

muscle [11–15]. Indeed, homozygous deletion of Six1 is

embryonic lethal and results in a severe lack of muscle

formation [16]. In addition to whole body muscle forma-

tion, Six1 is also necessary for the specific development of

fast twitch muscles during embryogenesis [17, 18]. At the

molecular level, Six1 acts upstream of the myogenic reg-

ulatory factors (MRF’s) during development, controlling

their expression through the MEF3 sequence of the MRF’s

promoter [11, 19–23]. In vitro, overexpression of Six1 in

skeletal muscle satellite cells enhances myoblast fusion and

increases the number of nuclei per myotube [24]. Con-

versely, reducing the expression of Six1 during differenti-

ation of C2C12 myoblasts significantly reduces the

formation of myotubes [25]. This myoblast fusion is a

similar process to that which occurs during muscle

hypertrophy in adult skeletal muscle after overload [26,

27]. Though these cell culture and embryonic develop-

mental studies clearly show the necessity and importance

of Six1 in the formation of skeletal muscle, little is known

of Six1’s function in healthy adults where Six1 is expres-

sed exclusively in skeletal muscle [19].

The study of Six1 is further complicated as it can repress

and activate gene expression depending on its interaction

with cofactors. This has been demonstrated in the Xenopus

embryo where Six1 over expression led to both enhance-

ment and repression of the expression of various genes

[12]. In mice, a combination of Six1 and Dach2 represses

the myogenin promoter, while in vitro, a combination of

Six1 and Eya3 activates the myogenin promoter [23, 28,

29]. In a separate study, a combination of Six1 and Eya1

elicited a slow to fast fiber-type shift in the predominantly

slow soleus muscle of mice, though Six1 alone was not a

sufficient stimulus [22]. These findings further demonstrate

that the transcriptional activity of Six1 is dependent on its

cofactors [22].

Six1 has the potential to regulate many cellular and

molecular processes that lead to favorable physiological

outcomes, it is expressed in adult human muscle, and its

expression is altered in response to overload. However, the

one report of Six1 after muscle overload was in a hetero-

geneous human muscle biopsy where protein was not

measured. Because of the limited knowledge of Six1 and

its cofactors in adult skeletal muscle, and their potential

impact on so many physiologic variables, we chose to

examine whether the expression of Six1 and its cofactors is

altered in both slow oxidative and fast glycolytic muscles

during the initiation of muscle overload in an animal

model. We hypothesized that Six1 gene expression, Six1

protein expression, and co-factor expression would be

altered at 1 and 3 days of overload. These results will lead

to a better understanding of Six1 and its cofactors during

muscle overload, which will inform future mechanistic

studies related to improvements in muscle growth and

function.

Materials and methods

Animal care and functional overload

The University of South Carolina IACUC approved all

protocols used in this study. Mice were housed and cared

for in the animal facility at The University of South

Carolina, kept on a 12:12 h light-dark cycle, and given

ad libitum access to water and Purina chow. Functional

overload of the plantaris and soleus muscles was produced

by the bilateral surgical ablation of the gastrocnemius

muscle as previously described [30]. This model of over-

load was used as it allows simultaneous investigation of

changes in both slow oxidative and fast glycolytic muscles

following overload [31]. Bilateral synergistic ablation was

used instead of unilateral synergistic ablation to ensure

maximal hypertrophy of the ablated limbs (as unilateral

ablation could allow preferential use of the sham limb,
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reducing the hypertrophy of the ablated limb). It also

ensured adequate tissue would be available for both gene

and protein expression measurements from the same ani-

mal. This model also exhibits similar cellular, molecular,

and physiological adaptations that occur in humans fol-

lowing overload, including hypertrophy and a fast-to-slow

fiber type shift [4, 27, 30, 32–34]. Briefly, C57BL/6 male

mice (n = 6 mice per experimental and control group/time

point analyzed) were anesthetized with a subcutaneous

injection of a cocktail containing ketamine/xylazine/ace-

promazine (1.4 ml/kg bodyweight). Under sterile condi-

tions, the gastrocnemius muscles were exposed through a

posterior longitudinal incision through the skin of the lower

hind limb. After the soleus and plantaris muscles were

separated from the gastrocnemius muscle at the Achilles

tendon, the distal two-thirds of the heads for each gas-

trocnemius muscle were excised. Incisions were closed

using sutures. A sham operation consisted of the same

procedure as outlined above, except for the gastrocnemius

excision. The sham operation group served as a control.

Mice from both groups were housed in individual cages

until killed at 1, 3, and 21 days post-functional overload or

sham surgery. On the day of tissue collection, mice were

anesthetized as described above. Muscles were harvested,

weighed, immediately snap frozen in liquid nitrogen, and

stored at -80 �C until they were processed.

Total RNA extraction and cDNA synthesis

RNA was extracted using the TRIzol method (Invitrogen,

Carlsbad, CA) as previously described [35]. RNA quantity

and purity were assessed spectrophotometrically (Thermo

Fisher Scientific, Wilmington, DE). RNA integrity was

examined by visualization of the 28s and 18s ribosomal

subunits after electrophoresis in a 1.1 % agarose gel; 2 lg

of total RNA was added to DEPC H2O totaling 11 ll. Then

1 ll of Oligo dT (Invitrogen) was added to all samples and

incubated at 70 �C for 10 min followed by incubation on

wet ice for 2 min. Reverse transcription of RNA into

cDNA was carried out using 4 ll buffer, 2 ll DTT, 1 l
deoxyNTPs, and 1 ll Superscript III Reverse Transcriptase

(Invitrogen) per sample. Reverse transcription was carried

out for 1 h at 50 �C followed by 5 min at 70 �C to stop the

reaction.

Real-time PCR

Gene expression for Six1, Eya1, Eya3, Dach2, and my-

ogenin was determined by quantitative Real-Time Poly-

merase Chain Reaction using SyberGreen� Master Mix

(Applied Biosystems, Foster City, CA). Amplification was

carried out with 1 ll cDNA (20 ng), 12.5 ll SyberGreen�

Master Mix, 1 ll Forward Primer (200 nM), 1 ll Reverse

Primer (200 nM), and 9.5 ll RNase-free H2O in a final

volume of 25 ll/well. Forward and Reverse custom

designed primer sequences for all genes analyzed are out-

lined in Table 1.

RT-PCR was performed in triplicate on an Applied

Biosystems 7300 thermocycler. Glyceraldehyde 3-phos-

phate dehydrogenase (Gapdh) was used as an internal

control. Gapdh was chosen as it has been previously used

as an internal control with this model of muscle overload,

and it is a reliable internal control for the possible increase

in total mRNA during hypertrophy [36]. A dissociation curve

was performed to verify specific amplification, and the PCR

products were also run on a 2 % agarose gel to verify specific

amplification and proper amplicon size. Relative gene

expression fold change was calculated using the delta delta

Ct method. The delta Ct was determined for each sample

by the equation (Ctexperimental gene - Ctinternal control). The

delta delta Ct (ddCt) was calculated by the equation (delta

Ctablation sample - mean delta Ctsham operation group). Fold

change relative to the sham group was calculated by the

equation (fold change = 2-ddCt). Six1, Eya1, Eya3, and

Dach2 gene expression of the ablation group is reported as

fold change relative to the sham group.

SDS PAGE and Western blot

Whole muscle protein was extracted by manual tissue

disruption in RIPA buffer consisting of 50 mM Tris-HCl,

pH 8.0, with 150 mM sodium chloride, 1.0 % Igepal CA-

630 (NP-40), 0.5 % sodium deoxycholate, and 0.1 %

sodium dodecyl sulfate and protease inhibitor cocktail

(Sigma-Aldrich, St. Louis, MO). Protein concentration was

determined immediately prior to beginning Western blot-

ting by the Bradford method [37] using BSA as a protein

standard. Standards and samples were run in triplicate with

all samples and standards showing a coefficient of variation

\5 %. Crude muscle homogenate (100 lg) was fraction-

ated on a BIO-RAD 12.5 % CriterionTM Precast Gel

(Hercules, CA). Six1 peptide-positive control was also run

with every gel as a molecular weight marker verifying the

localization of Six1 on each blot. Protein was transferred to

PVDF membranes with equal protein-loading qualitatively

assessed using Ponceau staining (or Gapdh when possible).

Membranes were then blocked in 5 % milk in phosphate-

buffered saline with 0.1 % Tween-20 (PBS-T). Primary

antibody for Six1 (ABNOVA, Taiwan) was incubated at a

1:500 dilution overnight at 4 �C in 5 % milk in PBS-T.

Secondary anti-mouse Ig horseradish peroxidase-linked

antibody was incubated in 5 % milk in PBS-T for 1 h at

room temperature with the membranes at a 1:1,000 or

1:2,000 dilutions for the plantaris and soleus, respectively.

Enhanced chemiluminescence (GE Healthcare Life Sciences,

Piscataway, NJ) was used to visualize the antibody–antigen
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interactions and developed by autoradiography. Digitally

scanned blots were analyzed by measuring the optical density

of each band using digital imaging software (Image J Soft-

ware, Bethesda, MD). Six1 protein for both the plantaris and

soleus are expressed as pixel density fold change relative to

the sham group.

Statistical analysis

Muscle weights at each time point analyzed are expressed

as mean ± SE. Gene expression and Western blot results

are reported as mean ± SE. Gene expression fold changes

for each gene at each time point were analyzed using

independent Student’s t tests. Western blot pixel densities

between the sham and overload groups at each time point

were analyzed using independent Student’s t test. Bonfer-

roni corrections were performed for each gene analyzed to

account for multiple comparisons error. Microsoft Excel

software and Statistical Analysis Software (SAS) were

used to calculate the Student’s t tests. Statistical signifi-

cance was set at p \ 0.05 for all analysis for protein.

Bonferroni adjusted p values were 0.025 for all gene

expression analysis.

Results

Muscle weights

Table 2 illustrates the wet weights of the plantaris and

soleus muscles 1 and 3 days post-ablation surgery. The

soleus increased its muscle wet weight 31.4 ± 9 %

(p \ 0.05) after 1 day of overload. Both the soleus and

plantaris increased in wet weight 40.9 ± 7 and 6.6 ± 2 %,

respectively (p \ 0.05), after 3 days of overload. Since the

initial gain in muscle weight early in this model is due to

inflammation and edema [31], we measured the muscle

weight of the plantaris 21 days post-ablation surgery to

verify hypertrophy, which is one adaptation that is known

to occur in this overload model [36]. The plantaris

increased its wet weight 43.2 ± 6 % (p \ 0.05) after

21 days of overload, verifying our model as hypertrophy

results from chronic overload in this model [30].

Six1 gene expression

We investigated the Six1 gene expression in the plantaris

and soleus at 1 and 3 days post-ablation surgery. Figure 1

demonstrates the Six1 gene expression in the plantaris and

soleus after 1 and 3 days of overload. Six1 gene expression

decreased 48 ± 9 % (p \ 0.01) in the plantaris after 1 day

of overload compared to sham. There was no difference in

plantaris Six1 gene expression 3 days post-ablation sur-

gery (p = 0.1).

Six1 gene expression in the soleus decreased 47 ± 20 %

(p \ 0.01) after 1 day of overload compared to sham.

There was no difference in Six1 gene expression in the

soleus 3 days post-ablation surgery.

Six1 protein expression

To further characterize the expression of Six1 during

muscle hypertrophy, we examined the Six1 protein

expression in the plantaris and soleus 1 and 3 days post-

ablation surgery (Fig. 2). There was no change in Six1

protein expression in the plantaris 1 day post-ablation

surgery (Fig. 2a), whereas the Six1 protein expression in

the plantaris increased 73 ± 17 % (p \ 0.05) in the over-

load group 3 days post-ablation surgery compared to sham

(Fig. 2b). There was no change in Six1 protein expression

in the soleus 1 day post-ablation surgery (Fig. 2c). How-

ever, Six1 protein expression in the soleus increased

168 ± 57 % (p \ 0.05) in the overload group 3 days post-

ablation surgery compared to sham (Fig. 2d). The Six1

positive control in Fig. 2c became visible only after addi-

tional exposure time of the remainder of the blot. There-

fore, we cut and pasted the positive control band in its

correct location from the exposed blot and placed it in the

current figure for illustration purposes.

Myogenin, Eya1, Eya3, and Dach2 gene expression

To verify our model of overload and to contextualize our

Six1 expression results, we measured myogenin gene

expression after 3 days of overload (Fig. 3). Myogenin gene

expression increased 1,140 ± 200 % in the plantaris and

260 ± 38 % in the soleus after 3 days of overload relative to

Table 1 Primer sequences used to amplify Six1, Eya1, Eya3, Dach2, Myogenin and Gapdh

Gene Forward Reverse

Six1 50-CGA GGC CAA GGA AAG GGA G-30 50-ACT CCT CTT CTG AGC TGG ACA TG-30

Eya1 50-GTA CAG CTA CCA GAT GCG TAG CAG-30 50-ATG TAG TGT GCT GGA TAC GGC GAG-30

Eya3 50-AAT GTG GGT GGC CTC CTC AG-30 50-AAC ATT CGC ACA GTT CTT TCG AG-30

Dach2 50-ACT GAA AGT GGC TTT GGA TAA-30 50-TTC AGA CGC TTT TGC ATT GTA-30

Myogenin 50-GAG CAT TGT CCA GGC CAG GTC-30 50-GAG TTG CAT TCA CTG GGC ACC ATG-30

Gapdh 50-GGA GCC AAA CGG GTC ATC AT-30 50-TCA CGC CAC ATC TTT CCA GA-30
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sham (p \ 0.025). To further investigate the events related to

Six1 during the early stages of muscle overload, we mea-

sured Eya1, Eya3, and Dach2 gene expression in both the

plantaris and soleus after 1 and 3 days of overload (Fig. 4).

Figure 4a illustrates the gene expression results after 1 day

of overload in both the plantaris and soleus. Eya1 gene

expression in the soleus decreased 33 ± 5 % (p \ 0.01)

after 1 day of overload compared to sham, while there was

no change in Eya1 gene expression in the plantaris at this

time point. Eya3 gene expression did not change in either the

plantaris or the soleus after 1 day of overload. Dach2 gene

expression decreased 56 ± 9 and 35 ± 3 % in both the

plantaris and soleus, respectively (p \ 0.001) after 1 day of

overload relative to sham. Figure 4b illustrates the Eya1,

Eya3, and Dach2 gene expression results after 3 days of

overload in both the plantaris and soleus. There was no dif-

ference in Eya1 gene expression in the plantaris or soleus

after 3 days of overload. Eya3 gene expression increased

127 ± 26 % (p \ 0.025) in the plantaris and 76 ± 16 %

(p \ 0.025) in the soleus after 3 days of overload relative to

sham. Dach2 gene expression decreased 71 ± 4 %

(p \ 0.025) in the soleus after 3 days of overload relative to

sham, while there was no difference in Dach2 gene expres-

sion in the plantaris after 3 days of overload.

Discussion

The primary aims of this project were to examine if Six1

gene expression, Six1 protein expression, and Six1 cofactor

gene expression were altered at the onset of overload in

both fast and slow mouse hindlimb muscles. This study

reports the novel finding of a decrease in Six1 gene

expression after 1 day of overload in both slow and fast

muscles, while Six1 protein expression increases in both

fast and slow muscles after 3 days of overload. After 1 day

of overload, Dach2 gene expression decreases in both the

fast and slow muscles, while Eya1 gene expression

decreases in slow muscle only after 1 day of overload.

Additionally, after 3 days of overload, Eya3 gene expres-

sion was increased in both fast and slow muscles, while

Dach2 gene expression was decreased only in the slow

muscle. This study is the first to expand on our previous

findings that SIX1 gene expression decreases following

acute overload in humans [10], hereby characterizing the

Six1 and Six1 cofactor expression changes in both fast and

slow muscles during overload.

The decrease in Six1 mRNA from our original work in

humans [10] is perplexing considering the important role of

Six1 during muscle development, and here we noted this

same decrease in Six1 mRNA in both the soleus and

plantaris. Yet, Six1 protein expression did not decrease

after 1 day of overload, which is not surprising considering

its known importance. A change in Six1 protein (transla-

tion), however, is likely to lag behind the change in the

gene transcript suggesting that a reduction in Six1 protein

occurs at a later time point. Contrary to this supposition, we

report an increase in Six1 protein after 3 days of overload

with no difference in Six1 mRNA between the overload

and sham groups in either muscle analyzed.

Table 2 Soleus and plantaris muscle wet weights

Muscle (days post-surgery) n Absolute weight (mg) % Increase

Sham Overload

Soleus (1) 6 6.9 ± 0.5 9.1 ± 0.6* 31.4 ± 9

Plantaris (1) 6 13.6 ± 0.7 13.3 ± 0.9 No change

Soleus (3) 6 7.8 ± 0.3 10.9 ± 0.5* 40.9 ± 7

Plantaris (3) 6 16.4 ± 0.4 17.5 ± 0.3* 6.6 ± 2

Plantaris (21) 4–6 20.3 ± 0.7 29.1 ± 1.2* 43.2 ± 6

Values are mean ± SE

* Significance at p \ 0.05 compared to sham operation at the same time point

Fig. 1 Six1 gene expression of the plantaris and soleus after 1 and

3 days of overload. Six1 gene expression in the plantaris decreased

48 ± 9 % after 1 day of overload relative to sham. There was no

difference between sham and overload at 3 days. Six1 gene expres-

sion in the soleus significantly decreased 47 ± 20 % after 1 day of

overload relative to sham. Asterisk indicates significance at p \ 0.01
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Despite the differential regulation of Six1 mRNA and

protein expression, increased Six1 protein expression dur-

ing this process is consistent with Six1’s necessary role in

muscle development and the expression of MRF’s, such as

myogenin [16, 19]. Therefore, this increase of Six1 protein

may be necessary for the subsequent myogenin expression

that occurred in our study as well as previously reported in

this model of overload [30]. This is also consistent with a

previous report regarding Six1’s role in the fusion of

muscle satellite cells during muscle formation as this

model of muscle overload results in significant

hypertrophy, partially because of the activation and fusion

of myogenic precursor cells [24, 33].

Similar to Six1 gene/protein expression, the Six1

cofactor expression pattern was similar between slow and

fast muscle. The gene expression responses of Dach2 after

1 day of overload and Eya3 after 3 days of overload were

similar in both muscles, and in concordance with the the-

oretical induction of myogenin mRNA that occurs with

overload, in that a decrease in Dach2 expression would be

expected as a previous report showed co-expression of

Dach2 with Six1 significantly represses the myogenin

promoter [28]. Conversely, while overexpression of Six1

alone represses the myogenin promoter, coexpression of

Six1 with Eya3 greatly enhances the activity of the

myogenin promoter [23]. To this extent, we observed sig-

nificant increases of Eya3 gene expression in both the

plantaris and soleus after 3 days of overload, correspond-

ing with increased myogenin gene expression. Despite

these similar responses, Eya1 gene expression decreased

only in the soleus after 1 day of overload, and Dach2 gene

expression was only decreased in the soleus after 3 days of

overload. Though the majority of the responses occurred in

both the slow and fast muscle, indicating the possibility

that this gene program performs similar functions in both

types of muscles, some differential responses were

observed. Other reports also show differential responses of

genes between these two muscles during synergistic

Fig. 2 Six1 protein expression in the plantaris and soleus after 1 and

3 days of overload. There was no difference in Six1 protein

expression after 1 day of overload in the plantaris or soleus relative

to sham (a, b, respectively). Six1 protein increased 73 ± 17 % in the

plantaris (c), and Six1 protein increased 168 ± 57 % in the soleus

(d) after 3 days of overload relative to sham. Plus symbol indicates

the Six1 peptide (positive control). Asterisk indicates significance at

p \ 0.05

Fig. 3 Myogenin gene expression in the plantaris and soleus after

3 days of overload. Myogenin gene expression increased

1,139 ± 200 % in the plantaris and 258 ± 38 % in the soleus after

3 days of overload relative to sham. Asterisk indicates p \ 0.05
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overload with a possible explanation for this occurrence

being the different recruitment or loading pattern of these

two muscles as it is known that slow twitch muscles are

recruited more often than fast twitch muscles, possibly

altering the rate and magnitude of cellular processes [5, 8].

Yet, this differential response in gene expression could also

be due to inherent molecular differences (e.g., epigenetics)

between the muscles.

While our study further described the expression of Six1

and its cofactors during the overload process in fast and slow

muscles, we note limitations. The first is that we did not test a

potential mechanism surrounding Six1 and its cofactors. Yet,

this comparative study was necessary to gain further insight

into the expression of Six1 and its cofactors to inform future

mechanistic investigations. A second limitation is that we do

not measure the protein levels of the Six1 co-factors. As the

first report to examine these cofactors during the overload

process we chose to focus on gene expression, though future

studies should now examine protein levels and protein

interaction with Six1. Thirdly, although our model elicits

physiological changes similar to that in humans with muscle

overload, the adaptations that occur in this model are due to

chronic overload of the muscle. This may alter our inter-

pretation as the physiological changes in humans with

overload are not due to chronic stimulation. Additionally, we

note an anatomical difference between the muscles; the

plantaris crosses the knee joint, whereas the soleus does not,

which will affect both loading and activation patterns.

Though not a limitation, analyzing the gene and protein

content minutes (instead of days) after overload, as well as at

other time points, may uncover more details regarding Six1

and its cofactors. Lastly, there was difficulty finding a suit-

able Six1 antibody for Western blotting. Therefore, we used

Six1 peptide as a positive control for all Western blots to

verify our results.

This study represents a significant and necessary step

toward identifying a role for the Six1 molecular pathway in

the regulation of adult skeletal muscle plasticity by dem-

onstrating that changes of Six1 and its cofactors occur in

both fast and slow muscles during muscle overload. The

previous findings regarding Six1 and its cofactors ability to

enhance muscle fiber formation and modify fiber type

make these genes a novel target for therapies aimed at a

wide range of individuals such as an elite athlete rehabil-

itating an injury and an elderly individual trying to main-

tain muscle size and function to perform daily tasks.

Additionally, Six1 itself is an intriguing ubiquitous

homeobox gene that is both necessary for drosophila

compound eye formation and critical for rib, inner ear, and

kidney development in mice; while in humans, SIX1 is a

potential cause of congenital deafness, a form of kidney

disease, and some late-life cancers [38, 39]. Furthermore,

Six1 has been suggested to belong to a core set of genes

that supports all characteristics of being an animal [40].

Indeed, the primordial representative of Six1 is present in

the sponge, perhaps the simplest and oldest (from an evo-

lutionary perspective) animal life form on earth [40, 41].

The fact that this evolutionarily conserved developmental

gene remains expressed after development almost exclu-

sively in skeletal muscle, and that Six1 and its cofactors

change expression during a morphologic and physiologic

adaptation in adult mammals, adds to the curiosity of their

role in skeletal muscle. Yet, further descriptive studies are

not likely to be extremely informative; thus, future studies

should investigate the role of Six1 and its cofactors during

the hypertrophy process by manipulating their expression.

These experiments are currently underway in our

laboratory.

Fig. 4 Eya1, Eya3, and Dach2 gene expression in the plantaris and

the soleus after 1 and 3 days of overload. a One day of overload:

there was no difference in Eya1 gene expression in the plantaris after

1 day of overload. Eya1 gene expression in the soleus decreased

33 ± 5 % (asterisk) after 1 day of overload. There was no difference

in Eya3 gene expression in the plantaris or the soleus after 1 day of

overload. Dach2 gene decreased 56 ± 9 % (asterisk) and 35 ± 3 %

(asterisk) in the plantaris and soleus, respectively, after 1 day of

overload. b Three days of overload: there was no difference in Eya1

gene expression in the plantaris or soleus after 3 days of overload.

Eya3 gene expression increased 127 ± 26 % in the plantaris and

76 ± 16 % in the soleus after 3 days of overload relative to sham.

Dach2 gene expression decreased 71 ± 4 % in the soleus after 3 days

of overload relative to sham. Asterisk indicates significance at

p \ 0.025. Hash symbol indicates significance at p \ 0.001
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In conclusion, this study demonstrates that Six1 and its

cofactors alter their expression in both fast and slow

muscles after overload. These results suggest that the Six1

gene/protein network may have a role in the molecular and

cellular processes that occur with muscle overload

regardless of muscle phenotype. Understanding the role of

this gene network during physiologic adaptation in muscle

aids our understanding of the adaptation process, and fur-

ther understanding of this network is likely to aid reha-

bilitation interventions in those suffering from a muscle

loss due to disease, disuse, injury, and aging.
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