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Figure 6: C2C12 myoblasts differentiate to myotubes 

Skeletal muscle differentiation was examined in C2C12 cells. Cells were seeded into 60 

mm dishes and allowed to attach.  After 24 h, differentiation was stimulated via the 

addition of horse serum (2%) enriched media.  Differentiation media was changed every 

48 h until the process was complete (about 3-5 days).  Images were produced on Digital 

USB2 Microscope (Westover Scientific Inc., Mill Creek, WA) using Micron imaging 

software.  
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 C2C12 cells were collected on days 1, 3, and 5 during the differentiation process. 

Cells collected at day 1 represent the myoblasts, which are then stimulated to differentiate 

into myotubes by days 3-5. The activation of cell differentiation is characterized by the 

expression of myogenic regulatory factors including MyoD and myogenin. After 

proliferation, cells express myogenin which commits the myoblasts towards myogenic 

differentiation. This is followed by the expression of additional factors including but not 

limited to Myf-5 and MRF4, and permanent exit from the normal growth and 

proliferation cycles. As expected and shown in Figure 7, the expression of myogenin 

increased as C2C12 myoblasts were stimulated to differentiate (30% to 52%), and 

decreased when differentiation was complete (20%). Similarly, qPCR showed that MyoD 

expression increased dramatically on day 1 (172%), then steadily declined on days 3 and 

5 (64% and 24%, respectively). Interestingly, Atp10c was expressed in both myoblasts 

and myotubes, and its expression increased upon differentiation (42% to 64%) and 

steadily decreased as myotubes were formed (47% on day 5). Changes in Atp10c 

expression with differentiation were similar, but, not as striking as that of myogenin and 

MyoD, ramifications of which are clearly beyond the scope of this study.  The data thus 

demonstrated the expression of Atp10c mRNA in C2C12 cells, and gave us an 

opportunity to modulate its expression in both myoblasts and myotubes, both of which 

can have significant consequences in insulin signaling pathways.   



 

 71 

 

 

Figure 7:  Atp10c, myogenin, and MyoD mRNA is expressed in C2C12 cells 

undergoing differentiation 

Cells were collected at the above time points (Days 1, 3, and 5).  MyoD, myogenin and 

Atp10c gene mRNA expression was analyzed using qPCR. The expression of Atp10c, 

myogenin, and MyoD is denoted as percentages (%) as normalized to Gapdh.  Data 

represents three independent experiments with each sample repeated in triplicate.  
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 One of the limitations of global gene-targeting and whole-animal approach is that 

adaptations over time might occur, possibly producing secondary phenotypes that are not 

directly linked to the mutation. In this case, the role of Atp10c could be shown either by 

generating knockout mice or using specific inhibitors against ATP10C. Since no 

inhibitors are available, and to avoid whole-animal complexities in transgenics, we 

modulated Atp10c expression in vitro in both C2C12 and L6-G4myc cells transiently by 

transfecting them with three independent and commercially available Atp10c specific 

siRNAs (Qiagen).  ATP10C is a putative transmembrane domain protein and as such a 

good antibody against ATP10C has yet to be generated, making experiments to study 

ATP10C challenging. Therefore, in this analysis, changes in Atp10c expression were 

determined solely at the mRNA level by qPCR using QuantiTect primer assays (Qiagen). 

Out of the three siRNAs tested, only one, SI00906220, resulted in a significant 

knockdown of ≥70% (Figure 8 and Figure 9).  
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Figure 8: Optimization of siRNA in C2C12 myotubes at a concentration of siRNA 

(SI00906220) 50nM and a time point of 24 h gives the most efficient transfection 

condition.  

C2C12 myoblasts were differentiated into myotubes. Myotubes were transfected at each 

concentration of siRNA (SI00906220) (0, 50, 100, and 200 nM) collected at the above 

time points (24, 48, and 72 h).  Gapdh (housekeeping gene) and Atp10c gene mRNA 

expression was analyzed using qPCR.  The percentage of knockdown was calculated at 

each concentration and time point based on the expression of the mock-transfected (0 

nM) samples (
*
P < 0.7 based on Qiagen recommendations).  Data represents three 

independent experiments with each sample repeated in triplicate.  

* 
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Figure 9: Optimization of siRNA in L6-G4myc cells at a concentration of siRNA 

(SI00906220) 50nM and a time point of 48 h gives the most efficient transfection 

condition. 

L6-G4myc myoblasts and myotubes were transfected at each concentration of siRNA 

(SI00906220) (0 and 50 nM) collected at the above time points (24 and 48 h).  Gapdh 

(housekeeping gene) and Atp10c gene mRNA expression was analyzed using qPCR.  The 

percentage of knockdown was calculated at each concentration and time point based on 

the expression of the mock-transfected (0 nM) samples (
*
P < 0.7 based on Qiagen 

recommendations).  Data represents three independent experiments with each sample 

repeated in triplicate.  

 

* 
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As shown in Figure 8, significant knockdowns (70 to 100%) were observed in all 

samples with the exception of 200 nM, 72 h for C2C12 myotubes. Higher concentrations 

and longer time periods resulted in cell death and poor quality of cells (as judged 

visually). Optimization of concentration and time of transfection results indicated that a 

concentration of 50 nM of siRNA (SI00906220) and a time point of 24 h be used for all 

subsequent experiments in C2C12 myotubes.  Similarly, a siRNA (SI00906220) 

concentration of 50nM and a time point of 48 h were found to be optimal for the L6-

G4myc myotubes (Figure 9).  Gapdh was used as the housekeeping gene, and no 

significant mRNA changes in its corresponding expression in transfected cells were 

observed. Results thus suggest that changes in Atp10c expression after transfection with 

siRNA (SI00906220) were not an artifact, and there was no deleterious effect on C2C12 

or L6-G4myc myotubes due to Atp10c silencing.  All further experiments were carried 

out under these conditions in wild-type C2C12 (C2wt) and L6-G4myc (L6-G4myc wt) 

and Atp10c-silenced C2C12 and L6-G4myc myotubes (C210c/-and L6-G4myc 10c/-) 

simultaneously.  Since these transfections are transient, Atp10c mRNA knockdown was 

confirmed in each and every experiment (data not shown).  

Previous experiments in our laboratory have shown that on a high fat diet, there is 

a 35% decrease in glucose uptake in soleus muscle in Atp10c heterozygotes [2]. Based on 

this finding, we next determined whether down regulation of Atp10c expression had a 

similar effect in vitro. Glucose uptake was measured in C2wt and C210c/- myotubes in 

basal (without insulin) and stimulated (100 nM insulin, 30 min) states. Fold change 

representing the glucose uptake stimulation/reduction between the C2wt and C210c/- was 

compared. As shown in Figure 10, insulin stimulation caused a significant 2.54-fold 
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decrease in 2-DOG uptake in C210c/- cells (P < 0.05). Data thus complement the in vivo 

findings, suggesting that Atp10c is necessary for insulin-stimulated glucose uptake in 

skeletal muscle and its knockdown renders the myotubes insulin resistant. 
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Figure 10: Glucose uptake in Atp10c-silenced C2C12 myotubes is decreased 2.5 fold 

C2C12 myoblasts were differentiated into myotubes. Myotubes were transfected at each 

concentration of siRNA (SI00906220) (0 and 50 nM) at the designated time point (24 h).  

Cells were then stimulated with insulin (100 nM, 30 min), and a 2-DOG uptake was 

performed (
*
P < 0.05).  Data is reported as the glucose uptake fold stimulation which is 

expressed as the ratio of dpm/µg of total protein in presence of insulin to that in the 

absence of insulin and indicated as arbitrary units (A.U.). 

* 
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Silencing Atp10c mRNA decreases cellular glucose uptake, which might be of 

consequence to impaired insulin signaling.  Insulin-induced glucose uptake into muscle 

and adipose tissue involves a series of intracellular signaling cascades, culminating in 

glucose disposal and metabolism [81, 82, 83, 84, 85, 86].  The possible mechanisms 

include insulin-mediated activation of the insulin receptor and/or its downstream 

molecules, ultimately effecting GLUT4 expression and translocation. Since these 

processes are a complex interplay of a variety of proteins and because their changes have 

not been studied in Atp10c-silencing, we sought to identify changes in the key proteins of 

relevant signaling cascades, the PI3K and the MAPK pathway in the presence of any 

insulin stimulation.  Specifically, in the present study, the effect of Atp10c-silencing was 

considered on three essential MAPKs: p38, JNK, and ERK1/2 in addition to PI3K key 

proteins PI3K, Akt2, phospho-Akt2 (Ser473) and AS160. Additionally, proteins up-

stream of MAPK and PI3K, IRS-2, and IR-β, were examined.  Total proteins isolated 

from C2wt, C210c/-, L6-G4myc wt and L6-G4myc 10c/- myotubes were subjected to 

immunoblot analysis while C2wt and C210c/- myotubes were further analyzed using 

immunofluorescent techniques.  

Under basal glucose uptake conditions for MAPK pathway analysis, results 

indicated significant up-regulation of p38 (P = 0.02) and ERK1/2 (P = 0.04), and a 

significant down-regulation of JNK (P = 0.001) and phospho-ERK1/2 (P = 0.05) in 

C210c/- cells (Figure 11A-C).  While not significant, results indicated a trend for an 

increase in phospho-p38 (P = 0.1) (Figure 13A) and phospho-JNK (P = 0.06) (Figure 

11C). Besides these signal transduction proteins, there was significant up-regulation of 
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Figure 12: Actin and MyoD are significantly up-regulated after Atp10c-silencing in 

C2C12 myotubes 

C2C12 myoblasts were differentiated into myotubes, then transfected at each 

concentration of siRNA (SI00906220) (0 nM and 50 nM) and collected at the designated 

time point (24 hours). Proteins were collected from these samples and subjected to 

immunoblot analysis.  Data shown is representative of multiple independent experiments 

(n=2 to 4), all analyzed in triplicate. The expression of MyoD and Actin is denoted as 

arbitrary units (A.U.) and represented as the fold change normalized to Caveolin-1; 

*P<0.05. 

 

* 

* 
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Figure 13: GLUT1 is significantly up-regulated in Atp10c-silencing C2C12 myotubes  

C2C12 cells were seeded onto chamber slides and allowed to differentiate from 

myoblasts to myotubes.  Myotubes were then transfected at each concentration of siRNA 

(SI00906220) (0 and 50 nM) and fixed at the designated time point (24 h).  After 

transfections, cells underwent standard immunofluorescence processing and were 

imaged.  Each sample was compared to negative and positive controls, which were used 

to quantify the image results. The expression of GLUT1 and GLUT4 is denoted as 

arbitrary units (A.U.) and represented as the mean intensity fluorescence normalized to 

isotype controls; 
*
P < 0.05.

GLUT1 0nM GLUT1 50nM GLUT4 0nM GLUT4 50nM 

* 

Images courtesy of S. Minkin, Environmental Biotechnology, UTK 
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Moreover, results from our in vivo data are complementary to our in vitro data as we see 

a significant up-regulation in the same MAPK proteins (Figure 14A-C) after 12 weeks on 

a high fat diet. Namely, MAPK proteins, p38 (P = 0.02) and phospho-p38 (P = 0.001) 

and well as ERK1/2 (P = 0.02 and 0.00004, respectively) and phospho-ERK1/2 (P = 0.02 

and 0.01 respectively) are significantly up-regulated in Atp10c heterozygous mutants. For 

these samples, unlike in vitro conditions, we also observe an up-regulation of JNK (P = 

0.00007) and phospho-JNK (P = 0.0001). Reasons for this aberration could be that the 

chronic stress conditions of DIO, T2D, hyperinsulinemia, hypercholesterolemia, and 

NAFLD as seen in these mice, result in a higher level of the stress-activated JNK and 

phospho-JNK proteins. Moreover, multiple studies show that obesity and T2D are 

inflammatory diseases, a state which in of its self is stressful on the tissues. This stress is 

not observed in vitro as the cells do not have to compensate for whole body 

abnormalities.  
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Figure 14A: MAPK proteins, p38 and phospho-p38 are significantly up-regulated in 

Atp10c heterozygous mutants at 12 weeks on a high fat diet 

Atp10c heterozygous mice (n = 6 to 8) were fed a high-fat diet for 4 and 12 weeks, and 

then sacrificed. Proteins were collected from the skeletal muscle of these mice and 

subjected to immunoblot analysis.  Data shown are representative of multiple 

independent experiments (n = 2 to 4), all analyzed in triplicate. The expression of p38 

and phospho-p38 is denoted as arbitrary units (A.U.) and represented as the fold change 

normalized to Caveolin-1; *P<0.05. 

* 

* 

* 
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Figure 14B: MAPK proteins, ERK1/2 and phospho-ERK1/2 are significantly up-

regulated in Atp10c heterozygous mutants at 12 weeks on a high fat diet 

Atp10c heterozygous mice (n = 6 to 8) were fed a high-fat diet for 4 and 12 weeks, and 

then sacrificed. Proteins were collected from the skeletal muscle of these mice and 

subjected to immunoblot analysis.  Data shown are representative of multiple 

independent experiments (n = 2 to 4), all analyzed in triplicate. The expression of 

ERK1/2 and phospho-ERK1/2 is denoted as arbitrary units (A.U.) and represented as the 

fold change normalized to Caveolin-1; *P<0.05. 

* 

* 

* 
* 

* 
* * 

* 
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Figure 14C: MAPK proteins, JNK and phospho-JNK are significantly up-regulated 

in Atp10c heterozygous mutants at 12 weeks on a high fat diet 

Atp10c heterozygous mice (n = 6 to 8) were fed a high-fat diet for 4 and 12 weeks, and 

then sacrificed. Proteins were collected from the skeletal muscle from these mice and 

subjected to immunoblot analysis.  Data shown are representative of multiple 

independent experiments (n = 2 to 4), all analyzed in triplicate. The expression of JNK 

and phospho-JNK is denoted as arbitrary units (A.U.) and represented as the fold change 

normalized to Caveolin-1; *P<0.05. 

* * 

* 

* 



 

 89 

     Caveolin-1    

     MyoD 

 

D.  

 

Figure 14D: MyoD is significantly altered in Atp10c heterozygous mutants at 12 

weeks on a high fat diet 

Atp10c heterozygous mice (n = 6 to 8) were fed a high-fat diet for 4 and 12 weeks, and 

then sacrificed. Proteins were collected from these mice and subjected to immunoblot 

analysis.  Data shown are representative of multiple independent experiments (n = 2 to 4), 

all analyzed in triplicate. The expression of MyoD is denoted as arbitrary units (A.U.) 

and represented as the fold change normalized to Caveolin-1; *P<0.05. 

* 

* 
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 Under acute insulin-stimulated glucose uptake conditions in C210c/- cells, results 

indicated significant up-regulation of p38 (P = 0.02) and a significant down-regulation of 

phospho-38 (P = 0.01), JNK (P = 0.0003), and phospho-ERK1/2 (P = 0.015 and P = 

0.017 respectively) (Figure 15A-C).  It is our hypothesis  based on the in vivo results of 

the MAPK proteins is that the Atp10c-mutants on a high-fat diet for 4 weeks give us a 

better representation of what would be going on in a pre-diabetic state before chronic IR 

and T2D has manifested. As such, this time point is better suited to compare with our in 

vitro data, as Atp10c-silenced cells would better represent an acute state of IR rather than 

a chronic one.   As such, all the results from these experiments were performed with 

samples obtained from 4 week old mice on a high-fat diet.  As such, results from our in 

vivo data are somewhat confusing when compared to our in vitro data.  Complementary 

to our in vitro data, there is an up-regulation of p38 and ERK1/2, but not of significance 

(Figure 16A-C).  The results are contradictory to our in vitro data in that there is up-

regulation in phospho-p38 (P = 0.005), phospho-ERK2 (P = 0.03), JNK (P = 0.1) and 

phospho-JNK (P = 0.007).  Reasons for these discrepancies could be as follows: (1) a 

time point of 4 weeks was not long enough to see marked changes in any of the proteins 

as the observed changes even when significant are small, (2) the insulin dose was not 

enough for the animals and therefore either a larger dose should be used, (3) a shorter 

treatment time (less than 30 min) for the insulin challenge should be used, (4) based on 

the standard error for these results, there is great variability between from animal to 

animal in response to an insulin challenge and/or (5) the fat from the high-fat diet did not 

contribute a substantial amount of calories to induce greater DIO consequences.  This 

point can be corrected with greater numbers of mice.  Future work using skeletal muscle 
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collected from these Atp10c-mutant mice after 12 weeks on high-fat diet needs to be 

performed in order to elucidate a more precise mechanism of action of Atp10c in vivo.  



 

 92 

    Caveolin-1 

    p38 

    phospho-p38 

 

 A.  

 

Figure 15A: MAPK proteins, p38 and phospho-38 are significantly altered after 

Atp10c-silencing and acute insulin stimulation in C2C12 myotubes 

C2C12 myoblasts were differentiated into myotubes. Myotubes were transfected at each 

concentration of siRNA (SI00906220) (0 and 50 nM), stimulated with insulin (100 nM, 

30 min) and collected at the designated time point (24 h).  Proteins were collected from 

these samples and subjected to immunoblot analysis.  Data shown are representative of 

multiple independent experiments (n = 2 to 4), all analyzed in triplicate. The expression 

of p38 and phospho-p38 is denoted as arbitrary units (A.U.) and represented as the fold 

change normalized to Caveolin-1; *P<0.05. 

* 

* 
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Figure 15B:  A MAPK protein, phospho-ERK1/2, is significantly down-regulated 

after Atp10c-silencing and acute insulin stimulation in C2C12 myotubes 

C2C12 myoblasts were differentiated into myotubes. Myotubes were transfected at each 

concentration of siRNA (SI00906220) (0 and 50 nM), stimulated with insulin (100 nM, 

30 min) and collected at the designated time point (24 h).  Proteins were collected from 

these samples and subjected to immunoblot analysis.  Data shown are representative of 

multiple independent experiments (n = 2 to 4), all analyzed in triplicate. The expression 

of ERK1/2 and phospho-ERK1/2 is denoted as arbitrary units (A.U.) and represented as 

the fold change normalized to Caveolin-1; *P<0.05. 

* 
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Figure 15C: A MAPK protein, JNK, is significantly down-regulated after Atp10c-

silencing and acute insulin stimulation in C2C12 myotubes 

C2C12 myoblasts were differentiated into myotubes. Myotubes were transfected at each 

concentration of siRNA (SI00906220) (0 and 50 nM), stimulated with insulin (100 nM, 

30 min) and collected at the designated time point (24 h).  Proteins were collected from 

these samples and subjected to immunoblot analysis.  Data shown are representative of 

multiple independent experiments (n = 2 to 4), all analyzed in triplicate. The expression 

of JNK and phospho-JNK is denoted as arbitrary units (A.U.) and represented as the fold 

change normalized to Caveolin-1; *P<0.05. 

* 
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Figure 16A: A MAPK protein, phospho-p38, is significantly up-regulated after acute 

insulin stimulation in Atp10c heterozygous mutants 

Atp10c heterozygous mice (n = 6 to 8) were fed a high-fat diet for 4 weeks, and then 

sacrificed. Proteins were collected from these mice and subjected to immunoblot 

analysis.  Data shown are representative of multiple independent experiments (n = 2 to 4), 

all analyzed in triplicate. The expression of p38 and phospho-p38 is denoted as arbitrary 

units (A.U.) and represented as the fold change normalized to Caveolin-1; *P<0.05. 

 

* 



 

 96 

     Caveolin-1 

     ERK1/2 

     phospho-ERK1/2 

 

B.  

 

Figure 16B:  A MAPK protein, phospho-ERK2, is significantly up-regulated after 

acute insulin stimulation in Atp10c heterozygous mutants 

Atp10c heterozygous mice (n = 6 to 8) were fed a high-fat diet for 4 weeks, and then 

sacrificed. Proteins were collected from these mice and subjected to immunoblot 

analysis.  Data shown are representative of multiple independent experiments (n = 2 to 4), 

all analyzed in triplicate. The expression of ERK1/2 and phospho-ERK1/2 is denoted as 

arbitrary units (A.U.) and represented as the fold change normalized to Caveolin-1; 

*P<0.05. 

* 
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Figure 16C:  A MAPK protein, phospho-JNK, is significantly up-regulated after 

acute insulin stimulation in Atp10c heterozygous mutants 

Atp10c heterozygous mice (n = 6 to 8) were fed a high-fat diet for 4 weeks, and then 

sacrificed. Proteins were collected from these mice and subjected to immunoblot 

analysis.  Data shown are representative of multiple independent experiments (n = 2 to 4), 

all analyzed in triplicate. The expression of JNK and phospho-JNK is denoted as arbitrary 

units (A.U.) and represented as the fold change normalized to Caveolin-1; *P<0.05. 

 

* 
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 Since the PI3K/Akt pathway has been shown to be the most important pathway 

for insulin-stimulated glucose uptake and therefore, GLUT4 translocation, we used the 

rat L6-G4myc cells to examine both the PI3K pathway and its association with the 

translocation of GLUT4. For PI3K proteins, results indicated a significant decrease in 

PI3K at 48 h-post transfection (P = 0.02) (Figure 17A). Results from this analysis also 

show a significant down-regulation of Akt2 (P = 0.03) and phospho-Akt (Ser473) (P = 

0.01) (Figure 17B).  AS160 (P = 0.008), IR-β (P = 0.02), and IRS-2 (P = 0.004) are all 

up-regulated significantly 48 h post-Atp10c silencing (Figures 17A-B).  While not 

significant, there was also an observed up-regulation of Actin (P = 0.1). Moreover, the 

expression of GLUT4 appears to be up-regulated in these cells (P = 0.01), but we 

attribute this increase due to the GLUT4 overexpressing nature of the L6-G4myc cells 

and not as a direct effect of Atp10c-silencing on these cells.  Moreover, this result 

suggests that protein transcription and translation of GLUT4 are not being effected due to 

Atp10c-silencing and therefore, not a cause of the observed IR and T2D.  Starting at the 

level of the IR-β, we observed an up-regulation here and downstream at IRS-2, and then a 

down regulation of phosphotyrosine associated PI3K activity, and Akt and its 

phosphorylation at Ser473. The usual pattern observed is that the acute effect of insulin 

will down regulate all these proteins [9]. As demonstrated by our results, Atp10c may 

play a role in the activation of these proteins further downstream in the pathway, a 

portion of which is still largely unknown. Moreover, the activation of Akt at Ser473 in 

response to insulin provides potential explanations for many abnormalities including IR. 

While it is known that Akt activation requires phosphorylation at both Ser473 and 

Thr308, Ser473 phosphorylation was shown to precede the phosphorylation of Thr308 
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and is in fact a prerequisite for Thr308 phosphorylation [1]. This can help explain why 

we see an up-regulation downstream at AS160 as it is not fully activated and thus is 

trying to compensate for the inactivity of Akt.   
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Figure 17A: PI3K, IR-β, and IRS-2 are significantly altered after Atp10c-silencing 

and acute insulin stimulation in L6-G4myc myotubes 

L6-G4myc myoblasts were differentiated into myotubes. Myotubes were transfected at 

each concentration of siRNA (SI00906220) (0 and 50 nM), stimulated with insulin (100 

nM, 30 min) and collected at designated time point (48 h).  Proteins were collected from 

these samples and subjected to immunoblot analysis.  Data shown are representative of 

multiple independent experiments (n = 2 to 4), all analyzed in triplicate (
*
P < 0.05). The 

expression of PI3K, IRS-2, and IR-β is denoted as arbitrary units (A.U.) and represented 

as the fold change normalized to Caveolin-1. 

* 

* 

* 
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Figure 17B: PI3K proteins, Akt2, phospho-Akt, and AS160 are significantly altered 

after Atp10c-silencing and acute insulin stimulation in L6-G4myc myotubes 

L6-G4myc myoblasts were differentiated into myotubes. Myotubes were transfected at 

each concentration of siRNA (SI00906220) (0 and 50 nM), stimulated with insulin (100 

nM, 30 min) and collected at designated time point (48 h).  Proteins were collected from 

these samples and subjected to immunoblot analysis.  Data shown are representative of 

multiple independent experiments (n = 2 to 4), all analyzed in triplicate (
*
P < 0.05). The 

expression of Akt2, phospho-Akt, and AS160 is denoted as arbitrary units (A.U.) and 

represented as the fold change normalized to Caveolin-1. 

 

* 
* 

* 
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Figure 17C: Actin and GLUT4 are significantly up-regulated after Atp10c-silencing 

and acute insulin stimulation in L6-G4myc myotubes 

L6-G4myc myoblasts were differentiated into myotubes. Myotubes were transfected at 

each concentration of siRNA (SI00906220) (0 and 50 nM), stimulated with insulin (100 

nM, 30 min) and collected at designated time point (48 h).  Proteins were collected from 

these samples and subjected to immunoblot analysis.  Data shown are representative of 

multiple independent experiments (n = 2 to 4), all analyzed in triplicate (
*
P < 0.05). The 

expression of Actin and GLUT4 is denoted as arbitrary units (A.U.) and represented as 

the fold change normalized to Caveolin-1. 

* 

* 
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 In vivo data from Atp10c heterozygous mice fed a high-fat diet for 4 weeks show 

that several key PI3K pathway proteins are altered when challenged with insulin (Figure 

18A-B). While not significant, there was an observed up-regulation of Actin (P = 0.2), 

which correlates to our in vitro experiment.  However, PI3K (P = 0.003), Akt2 (P = 

0.006), phospho-Akt (Ser473) (P = 0.02), and AS160 (P = 0.01) are all up-regulated 

significantly in vivo, data again which both complements and conflicts with our in vitro 

data.  Data for IR-β, and IRS-2 was inconclusive for these samples due to antibody 

issues, and therefore, were not reported. Again, several reasons for these discrepancies 

exist (variation between animals, inefficient insulin dose, etc.) and future experiments 

should look at addressing those. Having said that, the up-regulation and activation of 

these proteins makes sense as this pathway is responsible the majority of glucose uptake 

in insulin responsive tissues. While a previous reports [87, 88, 89]have shown that high-

fat feeding impairs insulin signal transduction by affecting tyrosine phosphorylation of 

insulin receptors and their substrates, results from other studies have shown that insulin-

induced tyrosine phosphorylation of insulin receptors and their substrates is similar 

between animals fed a high-fat diet and those on a regular chow diet [1]. Recently, it was 

demonstrated that despite the development of IR, which is accompanied by reduced 

glucose-uptake rates in muscle cells, no changes in the phosphorylation state of Akt and 

AS160 were observed [4]. Our results contradict both of these observations as we seen a 

significant up-regulation of many important components of the PI3K and yet these 

animals still have issues with glucose metabolism. This suggests that something other 

than a defect in the PI3K pathway is causing the observed phenotype in these Atp10c 

heterozygous mice.  
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Figure 18A: PI3K proteins, PI3K, Akt2, phospho-Akt2, and AS160 are significantly 

up-regulated in Atp10c-heterzygous mutants after acute insulin-stimulation 

Atp10c heterozygous mice were fed a high-fat diet for 4 weeks, and then sacrificed. 

Proteins were collected from these mice and subjected to immunoblot analysis.  Data 

shown are representative of multiple independent experiments (n = 2 to 4), all analyzed in 

triplicate (
*
P < 0.05). The expression of PI3K, Akt2, phospho-Akt, and AS160 is denoted 

as arbitrary units (A.U.) and represented as the fold change normalized to Caveolin-1. 

* 
* * 

* 
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Figure 18B: MyoD is significantly altered Atp10c-heterzygous mutants after acute 

insulin-stimulation  

Atp10c heterozygous mice were fed a high-fat diet for 4 weeks, and then sacrificed. 

Proteins were collected from these mice and subjected to immunoblot analysis.  Data 

shown are representative of multiple independent experiments (n = 2 to 4), all analyzed in 

triplicate (
*
P < 0.05). The expression of Actin and MyoD is denoted as arbitrary units 

(A.U.) and represented as the fold change normalized to Caveolin-1. 

* 
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GLUT4 is essential for insulin-stimulated glucose uptake, and is expressed 

primarily in adipose and skeletal muscle tissues. Ideally, in response to insulin, 

intracellular GLUT4 vesicles move near the cell surface, fuse with the plasma membrane, 

and begin the process of glucose uptake. Defective uptake of glucose is a central feature 

of T2D, and may involve the alteration of the insulin signaling to GLUT4 vesicles, the 

trafficking of GLUT4 vesicles to the plasma membrane, and/or the docking and fusion of 

GLUT4 vesicles with the plasma membrane. As we did see a significant decrease in 

glucose uptake (2.5 fold), and a significant increase in GLUT4 expression (P = 0.01), we 

next wanted to investigate the effect, if any, on GLUT4 translocation when Atp10c is 

silenced in L6-G4myc myotubes. The data from immunocytochemistry experiments 

shows a decrease in insulin-stimulated GLUT4 translocation to the plasma membrane 

after 48 h post-transfection in L6-G4myc/10c- myotubes (Figure 19), and as such, a 

decrease in insulin-stimulation of these cells.    
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Figure 19: GLUT4 translocation in Atp10c-silenced L6-G4myc myotubes is 

decreased 48 h post-transfection 

L6-G4myc myotubes were transfected at each concentration of siRNA (SI00906220) 

(0nM and 50 nM) at the designated time point (48 h).  Cells were then stimulated with 

insulin (100 nM), and an immunocytochemistry assay was performed (
*
P < 0.05).  Data 

is reported as GLUT4 translocation which is expressed as the ratio of GLUT4myc 

intensity under basal and stimulated conditions and indicated as arbitrary units (A.U.). 

Data is normalized with respect to 0nM basal and stimulated controls.  

* 
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To test if the observed changes in the MAPK pathway are indeed in response to 

Atp10c-silencing,  and thus to confirm the involvement of p38, the inhibitor SB203580, 

which is specific for multiple p38 isoforms, was added to C210c/- cells at a concentration 

of 10 μm for 60 min [90, 91]. Protein samples were subjected to immunoblot analysis 

with p38 and phospho-p38 antibodies (Figure 20). Our results indicate that C210c/- cells 

treated with 10 nM SB203580 for 60 min effected the expression of both p38 (P = 0.1) 

and phospho-p38 (P = 0.08). While not significant, it appears that the inhibitor was able 

to partially restore the expression of all the proteins tested suggesting its action on the 

MAPK protein, p38. This was further confirmed by the glucose uptake assay performed 

on C210c/- and MAPK-inhibited cells. Results from the assay showed that glucose 

uptake remained unchanged, confirming that the inhibitors are acting directly on the 

MAPK protein, p38, and are not affected by changes in Atp10c expression alone (Figure 

21).  
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Figure 20: MAPK protein, p38, activity is partially rescued after treatment with 

specific inhibitor SB203580 

C2C12 cells were differentiated from myoblasts to myotubes. Myotubes were transfected 

at each concentration of siRNA (SI00906220) (0 and 50 nM) at the designated time point 

(24 h). Cells were then treated with the inhibitor SB203580 (10 nM) and collected after 

60 min. Proteins were collected from these samples and subjected to immunoblot analysis 

(
*
P < 0.05, 

#
P < 0.1). The expression of p38 and phospho-p38 is denoted as arbitrary 

units (A.U.) and represented as the fold change normalized to Caveolin-1. 

* 

* 

* 
# 
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Figure 21: Glucose uptake remained unchanged, confirming that the p38 inhibitors 

are acting directly on the MAPK proteins and are not affected by changes in Atp10c 

expression  

C2C12 cells were differentiated from myoblasts to myotubes. Myotubes were treated 

with the inhibitor SB203580 (10 nM) and collected after 60 min. Cells were then 

stimulated with insulin (100 nM, 30 min) and a 2-DOG uptake was performed.  Data is 

reported as the glucose uptake stimulation which is expressed as the ratio of dpm/µg of 

total protein in presence of insulin to that in the absence of insulin and indicated as 

arbitrary units (A.U.). 

siRNA    -                                   +  

SB203580    -                          -  
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The exact mechanism by which the MAPKs mediate glucose uptake is debatable, 

and as such that both in vitro and in vivo data are often times inconclusive. MAPKs, 

specifically, p38 and ERK1/2 proteins regulate glucose uptake via insulin-dependent and 

insulin-independent pathways [87, 88, 89].  Most importantly, there are many reports 

which show the involvement of the MAPK pathway in glucose uptake without an effect 

on GLUT4 translocation. Our results suggest that when myotubes become insulin 

resistant by Atp10c-silencing, there is a significant increase in the expression of both 

native and activated (phosphorylated) MAPK proteins.  Data demonstrates that both p38 

and ERK1/2 are responsive to changes in Atp10c with increased expression.  

 The importance of p38 in this process is further supported by the fact that there 

are significant changes in glucose transporter proteins as well. GLUT1 and GLUT4 have 

been demonstrated to be the key players of glucose clearance in peripheral tissues [2]. 

GLUT1 is responsible for glucose uptake in the basal state whereas, GLUT4 is insulin 

responsive. Defective uptake of glucose mediated by the GLUTs is a central feature of 

DIO and T2D. 

 Results from our in vivo analysis of Atp10c heterozygous mice demonstrate that at 

the protein level, the expression of key MAPK proteins are up-regulated during an IR 

state and remain up-regulated when challenged with exogenous insulin. As a 

consequence of IR, there is a shift away from GLUT4 as the main player in glucose 

clearance to GLUT1 as the responsible transporter. Results from several studies in 

addition to ours show that prolonged exposure to insulin increases basal glucose uptake 

and decreases acute insulin-mediated glucose transport. The latter attributed to reduced 

insulin-stimulated GLUT4 translocation. However, it is still possible that the insulin-
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resistant state is associated with diminished GLUT4 activity as our in vitro data shows a 

significant increase in GLUT1 and no measurable change in GLUT4.  Of relevance to our 

study, MAPK protein expression, specifically p38, has been shown to affect the 

expression of GLUT1 and GLUT4; which can subsequently affect glucose uptake in 

peripheral tissues. The MAPK protein, p38, reportedly up-regulates the expression of 

GLUT1, thereby altering glucose transport at the basal level, while also involved in an 

insulin-induced enhancement of intrinsic GLUT4 activity on the cell surface. Since, we 

do not see any increase in the basal glucose uptake, we strongly feel that the up-

regulation of GLUT1 is more of a compensatory mechanism against IR in C210c/-, since 

there is no change in GLUT4; the precise underlying mechanism, however, remains to be 

clarified. This result may prove to be the most crucial, as GLUT4 is the main player in 

insulin-stimulated glucose metabolism. Reports additionally indicate that the activation of 

p38 reduces insulin responsiveness [87, 88, 89, 90], so the exact mechanism by which the 

MAPK pathway is involved in glucose metabolism still remains controversial.  

 Up-regulation of MyoD and Actin in transfected cells (C210c/-) suggests a 

regulatory mechanism by which the myotubes are trying to combat the stressful state of 

IR. As seen in the skeletal muscle tissues of the Atp10c mutant mice fed a high-fat diet 

for 12 weeks, MyoD expression is decreasing as a result of the insulin resist state and a 

high fat diet; this observation was not seen for these mice at 4 weeks on a high-fat diet.. 

As the availability of new myoblasts cells in vivo is not the same as in vitro, this result is 

indicative of muscle wasting and/or myotube de-differentiation. Again, this may be a 

compensatory effect.  If the in vitro process continued for a longer period of time, we 

hypothesis that like the tissues, the expression of MyoD would also decreases as the 
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myotubes started reverting back to a myoblast state. By aiding with GLUT4-containing 

vesicle membrane movement and/or fusion, there is considerable evidence that Actin is 

essential for insulin-regulated glucose transport. Therefore, these cells may be up-

regulating the expression of Actin acutely in preparation for insulin-stimulated glucose 

uptake [76]. 

 Multiple studies on skeletal muscle from type 2 diabetics have demonstrated an 

altered gene/protein expression profile compared to healthy controls [71]. These changes 

can either be secondary to the altered metabolic state, a direct consequence of reduced 

insulin signaling, or as the primary cause of the disease. The defects observed in diabetic 

muscle biopsies were reportedly specific for the PI3K pathway, thereby leaving the 

MAPK pathway intact. However, unlike our study, other laboratories discovered that 

several of the MAPK proteins were down-regulated at the protein expression level. 

 

Conclusions 

 A phenomenon known as phospholipid randomization affects the structure and 

function of many channels, transporters, and signal transducing proteins and has been 

implicated in several pathophysiology processes.  Thus, maintaining the organization and 

activity of the lipid bilayer is essential for normal cell function.  One class of proteins that 

performs this action is the flippases, or type 4 ATPases [7].  In yeast studies, these 

proteins cause the translocation of glycerophospholipids, and this movement is necessary 

for intracellular membrane and protein trafficking [7].  Atp10c is one such phospholipid 

translocase which encodes for a type 4 P-type ATPase.  Our laboratory has demonstrated 

that Atp10c heterozygous mice are insulin resistant and have an altered insulin-stimulated 
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response in peripheral tissues.  Our obesity mouse model is diet-induced and shows IR 

characterized by hyperinsulinemia, hyperglycemia, hyperlipidemia, and DIO in 

association with glucose intolerance [2, 36, 72].  In fact, a recent publication has sited 

ATP10C as a potential biomarker for obesity and related metabolic disorders [12].  

 The pathways involved in glucose and lipid metabolism are extremely complex 

and challenging to interpret. Atp10c is a proposed membrane bound protein with 10-11 

transmembrane domains and its flippase activity has been studied extensively in yeasts. 

This is why we hypothesize one or more mechanisms of action on the membrane itself 

which can in turn affect these pathways. The activation of the PI3K pathway and its 

downstream kinases like Akt include the GLUT4 translocation. This insulin-dependent 

pathway is the one of the most important in glucose metabolism, accounting for up to 

70% of glucose clearance. Numerous studies have shown Akt and its related substrates to 

be the key players in this pathway.  Importantly, Akt, which regulates GLUT4 

exocytosis, is not required for insulin regulation of GLUT4 endocytosis [92].   

The significant increase of important MAPK proteins, p38 and ERK1/2, under 

both basal and acute insulin-stimulated conditions shows that Atp10c-silencing does 

affect these proteins and in turn, glucose metabolism via both insulin-independent and 

insulin-dependent manners. Results from the PI3K pathway proteins are confusing as in 

vitro data does not complement the in vivo data for all the proteins. For example, PI3K (P 

= 0.02), Akt2 (P = 0.03) and phospho-Akt (Ser 473) (P = 0.01) are significantly down-

regulated after Atp10c silencing under in vitro conditions, but are significantly up-

regulated in the Atp10c-heterozygous mice on a high-fat diet; PI3K (P = 0.003), Akt2 (P 

= 0.006) and phospho-Akt (Ser 473) (P = 0.02). Rationale for these conflicting results 
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could be that Atp10c could be involved with these proteins directly by a yet unknown 

mechanism, or as a consequence of Atp10c’s effect on the MAPK pathway which is 

significantly affected by the diet as indicated in the mice. These results are important as 

the activation of Akt2 plays a critical role in the PI3K pathway by further activating 

AS160 (phospho-Akt Ser473/Thr308). It is important to note that only 10–20% of Akt2 

needs to be phosphorylated to achieve full glucose transport activation [47, 48].  IRS-2 

plays a key role in transmitting signals to both intracellular pathways PI3K and MAPK. It 

appears as though the cells are trying to augment signaling to these pathways to 

compensate for inactivity (as in PI3K) or over activity (as in MAPK) in these pathways.  

In the case of the PI3K pathway, Atp10c appears to be halting the activation of PI3K 

(p85) and phospho-Akt2. As a result, we see up-regulation both up stream in IR-β and 

IRS2 and downstream in AS160.  In turn, IRS-2 may be sending these compensatory 

signals to MAPK proteins [72].  As such, the up-regulation of p38 must be in response to 

shift the uptake from GLUT4 as the main player to GLUT1 as the main player as p38 has 

been directly implicated in the regulation of these glucose transporters.  Activation of p38 

significantly alters the expression of GLUT1 and GLUT4, increasing basal glucose 

transport and reducing insulin responsiveness [91]. As p38 up-regulation resulted in an 

increase in GLUT1 and an assumed decrease in GLUT4, it is highly likely that p38 is 

central in the regulation of glucose metabolism. Moreover, in data from others [41, 90, 

91] as well as our laboratory, the pyridinylimidazole inhibitor of p38 activity, SB203580, 

reduced the stimulation of glucose uptake by insulin in skeletal muscle suggesting that 

p38 may be a component in the signaling pathway leading to the stimulation of glucose 

uptake.  



 

 116 

Results from the immunocytochemistry analysis of GLUT4 translocation show 

that the silencing of Atp10c is altering normal GLUT4 regulation.  At this time, it appears 

as though Atp10c most likely plays a role in GLUT4 endocytosis. Although GLUT4 

exocytosis has been studied extensively, GLUT4 endocytosis and its possible regulation 

had remained less scrutinized. Recent studies have begun to shed light on GLUT4 

endocytic mechanisms and their metabolic regulation [92]. Endocytosis involves GLUT4 

molecules getting ‘ready’ by concentrating within a small region of the plasma 

membrane. Secondly, they get ‘set’ by interacting with specific membrane proteins 

and/or lipids, resulting in membrane bending and invagination. Finally, the bud is formed 

occluding GLUT4 from the extracellular milieu and allowing them to ‘go’ into the cell 

interior to intracellular compartments. It has been reported that the internalization of 

GLUT4 occurs by clathrin-mediated endocytosis [42].  Moreover, it has been argued that 

GSVs are formed from endosomes and that GLUT4 may be retained intracellular by an 

interaction between GSVs and retention machinery, or by restricting the access of GSVs 

to the vesicle tethering/docking/fusion apparatus at the cell surface [40, 42].  Based on 

our results, it is possible that ATP10C is involved in either of these steps in addition to its 

other effects on the metabolic pathways. 

Addressing the discrepancies between in vivo and in vitro data is difficult at best 

as we are dealing whole animal complexities compared to cell culture homogeneity. 

Moreover, these metabolic pathways themselves are multifaceted in whole animal models 

due to the interplay of endogenous cytokines, apidokines and other nature responses in 

response to chronic syndromes like IR and T2D. We feel confident that our results for the 

most part are complementary to one another with only two major points of conflict—the 
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expression of PI3K, Akt2 and phospho-Akt (Ser473). These observations demonstrate the 

necessity of a muscle-specific Atp10c knockout to study these complex processes.  

For the first time, our results show a direct correlation between Atp10c/ATP10C 

and glucose metabolism, at least in part via the MAPK pathway.  Our results showed no 

significant change in the basal glucose uptake suggesting that when Atp10c is silenced 

using Atp10c-specific siRNA an acute state of IR is observed. Conversely, cells are 

insulin sensitive when normal levels of Atp10c are maintained; both observation shown in 

vitro as well as in vivo. The MAPK protein, specifically p38, is potentially influencing 

this system by exerting an effect on glucose transporter proteins, namely GLUT1 and 

GLUT4. Moreover, we showed that the MAPK pathway is essential for both insulin-

independent and insulin-dependent glucose uptake; exact mechanisms of which need 

further study.  Last, but certainly not least, we have revealed Atp10c’s possible role in 

GLUT4 endocytosis in addition to its other effects on the glucose metabolic pathway. 

Based on the results of the numerous studies discussed throughout this dissertation, 

Figure 22 presents putative Atp10c/ATP10C mechanisms of action and possible 

protein/pathway targets.  
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Figure 22:  Atp10c/ATP10C in Action  

ATP10C may function by activating key proteins in the PI3K pathway and 

influence glucose uptake in connection with GLUT4 translocation (1). Moreover, it may 

exert its affects downstream thus affecting glucose uptake that way (2). When normal 

expression levels of ATP10C are maintained, MAPK proteins should not be up-regulated 

and therefore normal glucose uptake both at the basal and insulin-stimulated level should 

occur (3) and last, but not least, ATP10C may function on the endocytosis as well as the 

exocytosis of GLUT4 by several machineries; (4) by maintaining lipid bilayer asymmetry 

and cell homeostasis, (5) as an aid in GSV formation, (6) by retaining the GSVs inside 

the cell, and (7) by stimulating the endocytosis of GLUT4 back inside the cell.  

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

ATP10C 
ATP10C 
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CHAPTER IV  

 

OVERALL CONCLUSIONS AND FUTURE RECOMMENDATIONS 
 

 

The prevalence of T2D and DIO has reached epidemic levels during recent years 

and shows no progress of slowing down. Moreover, it is estimated that less than half of 

the worldwide patient population responds to existing treatments, and as such increases 

the occurrence of secondary complications of the disease. The currently accessible 

treatments offer improvement in glycemic control, but have also been implicated with 

significant adverse events such as hypoglycemia, weight gain, fluid retention, congestive 

heart failure, loss of bone mineral density and gastrointestinal discomfort. Our research 

eludes to a novel protein marker that we believe is a good candidate for T2D and DIO 

and therefore, it’s modification may play a role in expanding the treatment of T2D and 

other diseases associated with IR, findings of which are significant as many of the anti-

diabetic drugs currently on the market have undesirable side-effects like those previously 

described.  

Glucose metabolism is reduced in type 2 diabetics resulting in elevated levels of 

glucose in the bloodstream, and complications of IR and T2D can be either short term 

(e.g. diabetic coma) or long term (e.g. limb amputation, neuropathies, kidney failure, 

strokes, and other cardiovascular problems). As glucose is vitally important for animals 

and humans, its concentration in the blood is strictly controlled.  Glucose homeostasis in 

the body is the responsibility of key peripheral tissues, skeletal muscle and adipose tissue, 

and glucose utilization is carried out by GLUTs specifically GLUT4.  GLUT4 trafficking 

is constitutive, highly regulated, multi-compartmental and involves multiple proteins. As 
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this protein is the most important player in glucose homeostasis, it is feasible that defects 

at any of the several activation steps could alter trafficking and targeting of GLUT4. 

Therefore, it is critically important to elucidate the molecular mechanisms leading to 

GLUT4 function and how any alteration impairs translocation in response to insulin. 

These defects would have important implication for both treatment and prevention of 

T2D and other related metabolic disorders.   

Atp10c/ATP10C is a putative phospholipid translocase that plays a role in the 

maintenance of the phospholipid asymmetry and fluidity of the plasma membrane. In 

view of this property of Atp10c/ATP10C, and the displayed phenotype in the 

heterozygous mice, a loss of Atp10c/ATP10C function might upset the normal membrane 

environment, and as such, perturbs glucose metabolism. Inclusion of all the studies 

discussed in this dissertation, we established the legitimacy of our gene as a good 

candidate for DIO and T2D, potentially via the disruption of glucose metabolism.  In 

view of the data presented here and the literature discussed, we are encouraged in using 

this model to dissect metabolic pathways involved in glucose and lipid metabolism thus 

gaining a better understanding of the underlying molecular mechanisms.  Additionally, 

we validated Atp10c’s possible biological function by showing its location at or around 

the plasma membrane, and its suggested co-localization with GLUT4 (81%).  

Furthermore, we validated by Atp10c’s increased expression in two mice models of 

obesity, one a genetic model and the other an environmental one.  

As glucose and lipid metabolism pathways are of great importance, we have 

focused on two pathways, the PI3K and the MAPK. Utilizing siRNA technology to alter 

the expression of Atp10c in vitro, our laboratory measured key pathway protein 
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expression by both Western blot and immunofluorescence techniques.  Results of both in 

vitro as well as in vivo studies demonstrated a key role for MAPK proteins, specifically 

p38, in both insulin-independent, but also insulin-dependent glucose clearance. 

Moreover, information gleamed from these studies show a possible mechanism by which 

p38 and therefore, the MAPK pathway, work in mediating glucose metabolism and thus 

influences IR and T2D. Function assays of 2-DOG glucose uptake and 

immunocytochemistry of GLUT4 translocation were also performed, results of which 

revealed significant decreases in acute insulin stimulated glucose uptake and GLUT 

translocation. We believe that the resulting decrease in translocation is the direct 

consequence of Atp10c’s role in the endocytosis of GLUT4 and not an effect on the 

MAPK pathway, an answer which is not surprising given the literature on MAPKs non-

involvement in GLUT4 translocation. Thus, in vitro functional outcomes again mimicked 

in vivo ones.  However, we believe future work to confirm this result needs to be 

performed using L6-G4myc myotubes treated with p38-specific inhibitors, and repeat the 

translocation of GLUT4 to see if any changes are observed.  For the future of this work, 

from an in vitro standpoint, stable cell lines, either over-expressing ATP10C or with 

ATP10C deleted should be generated and the above mentioned experiment repeated. 

From an in vivo perspective, specific targeted experiments to generate adipose tissue and 

skeletal muscle-specific transgenics are necessary. Then, the assessment of protein 

expression of these target genes should be initiated. Tissue-specific expression of Atp10c 

transgenes will determine if Atp10c expressed solely in muscle or in adipocytes will 

complement the mutant phenotypes.  These experiments will give us information about 
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defects associated with the heterozygous deletion of Atp10c in a target tissue without any 

interference from its expression/miss-expression in the other.  
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