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ABSTRACT 

Muscle stem cells (MuSCs) are indispensable for muscle regeneration. A multitude of extracellular 

stimuli direct MuSC fate decisions from quiescent progenitors to differentiated myocytes. The activity 

of these signals is modulated by coreceptors such as syndecan-3 (SDC3). We investigated the global 

landscape of SDC3-mediated regulation of myogenesis using a phosphoproteomics approach which 

revealed, with the precision level of individual phosphosites, the large-scale extent of SDC3-mediated 

regulation of signal transduction in MuSCs. We then focused on INSR/AKT/mTOR as a key pathway 

regulated by SDC3 during myogenesis and mechanistically dissected SDC3-mediated inhibition of 

insulin receptor signaling in MuSCs. SDC3 interacts with INSR ultimately limiting signal transduction 

via AKT/mTOR. Both knockdown of INSR and inhibition of AKT rescue Sdc3-/- MuSC differentiation 

to wild type levels. Since SDC3 is rapidly downregulated at the onset of differentiation, our study 

suggests that SDC3 acts a timekeeper to restrain proliferating MuSC response and prevent premature 

differentiation.  
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INTRODUCTION 

Adult myogenesis includes both muscle growth and regeneration and is carried out by muscle stem 

cells (MuSCs) in response to hypertrophic stimuli or injury, respectively. MuSCs are quiescent 

myogenic progenitors that become activated in response to various stimuli and subsequently proliferate 

and differentiate inside the musculature, ultimately fusing with damaged muscle fibers (myofiber) to 

repair them, or with one another to generate new myofibers. During this process, MuSCs also self-

regenerate, such that a pool of quiescent MuSCs poised to activate on demand is maintained, more or 

less, throughout life [1]. The mechanisms that regulate myogenesis and MuSC self-renewal are partly 

intrinsically encoded [2] and partly the result of MuSC response to environmental cues [3-9].  

Syndecans, a type of transmembrane heparan sulfate proteoglycans, are multifaceted regulators of 

cell signaling, as their dual nature of protein and glycan confers them the ability to bind multiple 

partners simultaneously, thus coordinating the transduction of multiple signaling pathways [10-17]. 

The extent to which syndecans contribute to global signaling regulation in MuSC progeny has been 

recently revealed by single cell RNA-sequencing studies [18]. However, the mechanistic details 

underlying such powerful regulatory properties of syndecans remain poorly understood. 

The four syndecans are dynamically expressed in developing [10, 19-22] and regenerating [10, 

14, 19, 23-27] muscle. Based on knockout studies, syndecan-3 (SDC3) and syndecan-4 (SDC4) appear 

to fulfil indispensable and distinct functions in myogenesis [28, 29]. SDC3 is especially interesting in 

MuSC biology as its presence is necessary for maintenance of MuSC quiescence and their subsequent 

progression through the cell cycle once activated [26]. However, SDC3 loss is not detrimental to 

muscle regeneration or homeostasis, quite the contrary. Sdc3-/- mice show improved muscle 

maintenance and regeneration in models of acute injury, aging and muscular dystrophy [25, 26]. We 

and others have previously shown that this is partly due to SDC3’s ability to regulate Notch and FGF 

signaling in a coordinated manner, which prevents MuSC exhaustion and effectively enhances 

regeneration [26]. However, the observation that SDC3 loss induces global changes in phospho-

tyrosine levels in MuSCs [28] suggests that FGF and Notch may represent only the “tip of the iceberg” 

and that more signaling pathways owe their regulation to SDC3.  

We used an unbiased phosphoproteomics approach to interrogate SDC3-dependent signal 

transduction at a global level and identified insulin signaling mediated by AKT/mTOR as a key 

pathway regulated by SDC3 in muscle progenitors. We then used biochemistry and cell biology 

approaches to dissect the insulin pathway in primary and immortalized muscle progenitors, to identify 
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at which level SDC3 regulates it. Lastly, we show how SDC3 expression acts as a molecular switch for 

the insulin/AKT/mTOR pathway promoting myoblast differentiation. 

 

RESULTS 
SDC3 depletion in myoblasts leads to increased tyrosine phosphorylation in a cell autonomous 

manner 

Our previous work on SDC3-mediated regulation of Notch signaling strongly suggests that SDC3 loss 

is responsible for the cell cycle and self-renewal phenotypes observed in vitro and in vivo in a MuSC-

autonomous manner [26]. To definitively test whether SDC3 functions in a cell-autonomous manner in 

myogenesis, we stably knocked-down SDC3 in C2C12 myoblasts (Fig. 1A) and assayed the phenotype 

of a stable cell line where SDC3 was heavily depleted (Fig. 1B, knockdown efficiency ³95%) by 

comparison to a stable cell line transfected with an empty vector (from now on referred to as S3kd and 

Ctrl, respectively).  
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Figure 1. SDC3-depleted cells recapitulate Sdc3-/- myoblast phenotypes. (A) Schematic of the protocol used to stably 
knockdown SDC3 in C2C12 myoblasts. An empty vector was transfected to generate the control (Ctrl) cell line and Sdc3 
shRNA was transfected to generate the SDC3-depleted (S3kd) cell line. (B) Control (C) and S3kd (S3) myoblasts were lysed 
in RIPA buffer and treated with heparinase III and chondroitinase ABC to remove glycosaminoglycans. Western blotting 
was used to measure the levels of SDC3 in both cell lines. GAPDH used as loading control. SDC3 is detected as a 
detergent-resistant dimer by western blotting. (C) Ctrl (gray) and S3kd (purple) myoblasts were serum-starved for five hours 
then stimulated with 2 nM FGF2 over an 80 minute time-course. Cells were lysed at the indicated time points and levels of 
phosphorylated ERK1/2 (pERK) and total ERK1/2 (tERK) quantified via western blotting. All band intensities were 
quantified using ImageJ. For each of three independent experiments, pERK1/2 band intensities were normalized to total 
ERK1/2 band intensities at each time point and then each time point expressed as fold change of time 0. In figure, each time 
point subsequent to time 0 is plotted as average of the 3 experiments (N = 3). (D) Immunofluorescent images of Ctrl and 
S3kd myoblasts induced to differentiate for 5 days by reducing the serum concentration. Cells were fixed then stained to 
detect myosin heavy chain (MyHC, green, MF20 clone antibody) and DNA (DAPI, blue) to visualize differentiated cells 
and nuclei respectively. Scale bar = 200 µm. N = 3. (E-G) Quantification of differentiation index (E), fusion index (F) and 
myotube area (G). Ctrl and S3kd myoblasts were cultured, treated and imaged as in (D). Averages from 3 independent 
experiments are plotted where in each experiment data from S3kd myoblasts are expressed as a percentage of Ctrl myoblasts. 
** = p < 0.01. Each biological replicate was plated in triplicate (3 biological replicates x 3 technical replicate per cell line) 
and 16 images per biological replicate were scored (total N = 48 images scored per data-point). (H) Ctrl and S3kd myoblasts 
were serum-starved, stimulated with 10% fetal bovine serum and then lysed at various time points over an 80 minute time 
course, or lysed prior to serum-starvation (NS). Cells were lysed in RIPA buffer and levels of phosphorylated tyrosines 
were visualized via western blotting. GAPDH was used as loading control. N = 3, representative western blot images are 
shown. (I) Quantification of (H). Error bars represent S.E.M. ** = p < 0.01. Averages of 3 independent experiments are 
plotted (N = 3). (J) Ctrl and S3kd myoblasts were cultured and stimulated with serum as in H-I, either in the presence or 
absence of soluble SDC3 ectodomain (S3-ECD) then lysed and analyzed by western blotting as indicated. (K) is the 
quantification of (J) were the averages and S.E.M. of three independent experiments are plotted (N = 3). ** = p < 0.01.  
 
SDC3 depletion in myoblasts led to a phenotype comparable to that of primary Sdc3-/- MuSC progeny 

[25, 26, 28], including: (i) increased responsiveness to FGF2 stimulation (Fig. 1C and Fig. S1); (ii) 

reduced proliferation rate (Supplementary Fig. S1); (iii) enhanced differentiation and fusion (Fig. 1D-

F); and (iv) myotube hypertrophy (Fig. 1G). These findings further support the idea that loss of SDC3 

affects myogenesis in a way that is largely MuSC-autonomous.  

One of the most intriguing and yet unexplained phenotypes of primary Sdc3-/- MuSC progeny is 

an overall increase in tyrosine phosphorylation [28], which is suggestive of SDC3 playing a crucial role 

in the regulation of several signaling pathways simultaneously. This increased phosphotyrosine 

phenotype was also recapitulated in S3kd myoblasts, both in serum-starved cells and, especially, in cells 

re-stimulated with serum (Fig. 1H-I). Since serum contains a plethora of signaling molecules (growth 

factors, cytokines, hormones, etc.), these data further support a role for SDC3 in the coordination of 

signal transduction via several receptors. 

Phosphoproteomics reveals a role for SDC3 in the regulation of insulin/PI3K/mTOR signaling 

Next, we sought to gain an insight into the molecular basis of the phosphotyrosine phenotype of Sdc3-/- 

and S3kd cells, and identify candidate signaling pathways regulated by SDC3 in myoblasts. We 

undertook a shotgun phosphoproteomics approach and profiled phosphopeptide abundance in Ctrl and 

S3kd myoblasts to study how they change in response to SDC3 depletion and/or serum stimulation. 
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Following phosphopeptide enrichment on titanium dioxide columns and label free LC-MS/MS (Fig. 

2A-C and  [30]) we identified and quantified changes in serine, threonine and tyrosine phosphorylation 

dependent on either SDC3 depletion (comparisons 1 and 2 in Fig. 2C), serum stimulation (comparisons 

3 and 4 in Fig. 2C) or both combined in a two-dimensional analysis (comparison 5 in Fig. 2C). We 

identified a total of 11,777 peptides of which 7,190 were phosphopeptides, corresponding to 1,871 

phosphoproteins (Supplementary Fig. S2). The vast majority of phosphosites identified were 

phosphoserine and, to a lesser extent, phosphothreonine sites, which are the most abundant in the 

mammalian phosphoproteome. Only a very small number of phosphotyrosine sites were identified via 

mass spectrometry (Supplementary Table S1) and none was differentially abundant across the 

conditions examined. The inability to identify a large number of phosphotyrosine sites is a well-known 

limitation of shotgun phosphoproteomics and is largely due to the mere scarcity of tyrosine 

phosphorylation compared to serine and threonine phosphorylation. However, this was not a problem 

for this work which did not intend to detect specific phosphotyrosine sites but rather aimed to identify 

candidate signaling pathways. 

Firstly, we investigated the effects of SDC3 depletion on the myoblast phosphoproteome in the 

absence of serum (Fig. 2D, Comparison #1) and presence (Fig. 2E, Comparison #2) of serum. In both 

cases, the ratio between upregulated and downregulated phosphopeptides (Up/Down in Fig. 2D-E), was 

>1 and was greater after serum stimulation. This is consistent with our previous results on tyrosine 

phosphorylation (Fig. 1I), where the phospho-tyrosine complement of SDC3-depleted myoblasts was 

more abundant than that of Ctrl myoblasts, especially after serum stimulation. Intriguingly, SDC3 loss 

affected the myoblast phosphoproteome ~3 times more in the absence of serum (total Dp-peptides = 

355, Fig. 2D) than in the presence of serum (Dp-peptides = 105, Fig. 2E). The latter finding suggests 

that SDC3 might control the extent to which a pathway is active so that when the extracellular signal 

that activates a given pathway is only present at low levels (e.g. the remnants of growth factors bound 

the extracellular and pericellular matrix after serum washout), the importance of SDC3 is more evident 

than when the same signal is present at saturating levels.  

Secondly, we investigated myoblast response to serum stimulation in the presence (Fig. 2F, 

Comparison #3) and near-absence (Fig. 2G, Comparison #4) of SDC3. Both control and SDC3-

depleted myoblasts showed a robust response to serum stimulation, as expected since serum contains a 

large number of signaling molecules. However, the overall number of phosphopeptides that changed in 

SDC3-depleted myoblasts (Fig. 2C and G, comparison #4 Dp-peptides = 1,416) was smaller than that 

in control myoblasts (Fig. 2C and F, comparison #3 Dp-peptides = 1,614), consistent with the previous 
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finding that in the presence of serum, SDC3 depletion leads to fewer changes to the phosphoproteome 

than in the absence of serum (Fig. 2D-E). 

Figure 2. Phosphoproteomics reveals widespread failure of S3kd myoblasts to decrease signal transduction upon 
serum removal. (A-C) Schematic depicting the phosphoproteomics workflow. Control (Ctrl) and SDC3-depleted (S3kd) 
myoblasts were serum-starved for 5 hours before being re-stimulated with 10% fetal bovine serum (FBS) for 10 minutes 
and then lysed (A). Cell lysates were enriched for phosphopeptides (p-peptide) on titanium dioxide columns and then 
analyzed via LC-MS/MS. P-peptides were identified and quantified using a label-free method (B). A Bayesian inference 
model was used to determine statistically significant differences in phosphopeptide abundance across all four datasets, 
which were compared pairwise in five different ways that generated five lists of differentially abundant peptides: 
Comparison #1 = differences between S3kd and Ctrl myoblasts at the serum starved state; Comparison #2 = differences 
between S3kd and Ctrl myoblasts at 10 minutes of serum stimulation; Comparison #3 = differences between serum-starved 
and serum-stimulated Ctrl myoblasts; Comparison #4 = differences between serum-starved and serum-stimulated S3kd 
myoblasts; Comparison #5 = p-peptides regulated by both S3kd depletion and serum stimulation. Δ(p-pept) = number of 
phosphopeptides that are significantly different in abundance between the conditions indicated by the relevant arrow (C). 
(D-H) Volcano plots displaying all phopshopeptides identified in comparisons #1-5. P-peptides were considered significant 
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if q-value < 0.05. N = 4 independent cell cultures per condition. (I) Natural log change in phosphopeptide abundance 
reported from phosphoproteomics data. (J) Control (Ctrl) and SDC3-depleted (S3kd) myoblasts were serum-starved for 5 
hours then re-stimulated with serum for 10 minutes. Cells were lysed and processed for western blotting. Levels of 
phosphorylated-RPS6S240/S244, phosphorylated RPS6S235/235 or total RPS6 were measured. GAPDH was measured as a 
loading control. N = 3. (K-L) Quantification of (H) using ImageJ. * = p<0.05, ** = p<0.01. N = 3. (M) The same cell 
lysates used for proteomics analysis shown in (A-H) were used to measure the levels of phosphorylated-IRS1S307, IRS1S302 
and total IRS1 by western blotting. GAPDH was measured as a loading control. N = 3. (N-O) Quantification of (M) using 
ImageJ. * = p<0.05, ** = p<0.01, n.s = non-significant. N = 3. 

 

Lastly, we carried out a two-dimensional analysis to identify phosphosites that were sensitive to 

both serum stimulation and SDC3 presence/absence (Fig. 2C, comparison #5 and Table S1). Not 

surprisingly, the number of phosphopeptides that significantly decreased as a consequence of both 

SDC3 depletion and serum stimulation (Fig. 2C and H, comparison #5 and Table S1, Dp-peptides 

DOWN = 42) was greater than the number of phosphopeptides that increased (Fig. 2C and H, 

comparison #5 and Table S1, Dp-peptides UP = 17).  

To validate the phosphoproteomics data via a different approach, we obtained commercial 

antibodies that specifically recognize the phosphosites found sensitive to both serum and SDC3 (Fig. 

2). Only for a few of these phosphosites could we find antibodies, including RPS6S235/S236 and 

RPS6S240/S244 (which were the top-most differentially abundant phosphopeptides sensitive to both 

serum and SDC3), IRS1S307 and IRS1S302. Western blotting analysis of phospho-RPS6 validated the 

phosphoproteomics data and showed that RPS6 phosphorylation both in serine 235/236 and in serine 

240/244 were increased in serum-starved SDC3-depleted myoblasts compared with control myoblasts. 

Additionally, we validated the phosphoproteomic finding that RPS6 phosphorylation in both sites was 

enhanced by serum stimulation in control cells, but not in SDC3-depleted cells (Fig. 2J-L). Of the IRS1 

antibodies commercially available, only the antibody directed to IRS1S302 produced a detectable signal 

and showed no significant difference in response to either SDC3 depletion or serum stimulation (Fig. 

2M-O). However, it is well established that IRS1 is heavily regulated at the total protein level by many 

of its downstream effectors including S6 kinase, which also phosphorylates RPS6 [31-33]. Indeed, we 

observed that total IRS1 levels followed the same trend already described for phospho-RPS6 in 

response to both SDC3 depletion and serum stimulation (Fig. 2M). All these observations further 

support the original hypothesis that SDC3 is somehow involved in repressing cell signaling in 

myogenesis.  

SDC3 regulates insulin signaling 

Once established that SDC3 is heavily involved in the regulation of the myoblast phosphoproteome, we 

then asked which signaling pathways are regulated by SDC3. To address this question we mapped the 
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proteins, and their associated phosphosites, regulated by serum stimulation in both control and SDC3-

depleted myoblasts (Comparisons #3 and #4, Fig. 2C) to canonical signaling pathways using Ingenuity 

Pathway Analysis (IPA). Given the large number of significantly enriched pathways returned by the 

IPA analysis (Supplementary Table S3 and S4) and the relevance of tyrosine phosphorylation to this 

phosphoproteomic investigation (Fig. 1H-I) we then restricted the functional enrichment analysis to 

tyrosine kinase-related signalling pathways (Supplementary Table S5). Both control and SDC3-

depleted myoblasts responded to serum by regulating similar signaling pathways, mostly related to 

growth factor and adhesion signaling (Fig. 3A). In general, it appeared that the majority of tyrosine 

kinase-related pathways that were significantly enriched in response to serum were more enriched in 

SDC3-depleted cells compared to control cells (Fig. 3A). However, nearly all of them were also less 

activated (smaller z-score) by serum in SDC3-depleted cells compared to control cells (Fig. 3B). The 

most enriched pathway in SDC3-depleted myoblasts was Integrin signaling (Fig. 3A). This supports 

our previous finding that a function of SDC3 in myoblasts and MuSCs is to regulate adhesion: primary 

Sdc3-/- MuSCs poorly adhere to myofibers and more easily than wild type MuSCs migrate off basal 

lamina-coated myofibers [25]. Consistently, we found that reduced adhesion to laminin is indeed a cell-

autonomous property of myoblasts when SDC3 is depleted (Supplementary Fig. S3A). Interestingly, 

this adhesion defect was only statistically significant in the absence of serum and partly rescued by the 

addition of serum (Supplementary Fig. S3A). In contrast, adhesion of S3kd myoblasts to uncoated 

dishes is increased both in the presence and absence of serum compared to Ctrl myoblasts 

(Supplementary Fig. S3B), and accompanied by increased FAK phosphorylation (Supplementary Fig. 

S3C-D), suggesting that a certain degree of selectivity for SDC3 exists in mediating adhesion 

properties of myoblasts and adhesion signaling.   

Next, we interrogated the list of phosphoproteins that were differentially regulated by both SDC3 

depletion and serum stimulation using the gene ontology analysis tool DAVID (Fig. 3C). Interestingly, 

the significantly enriched (p-value < 0.05) Biological Processes to which these phosphoproteins 

mapped, were mostly related to protein translation, with Insulin receptor and mTOR signaling 

appearing at the top of the list as the most enriched processes. This was consistent with Insulin 

signaling being the second most enriched signaling pathway in the response to serum (Fig. 3A) and 

prompted us to further investigate the role of SDC3 in the regulation of insulin and insulin receptor 

signaling in myogenesis. 
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Figure 3. SDC3 coimmunoprecipitates with the insulin receptor and regulates proteins associated with 
insulin/AKT/mTOR signaling. (A) Phosphopeptides that were significantly up- or down-regulated when comparing the 
response to serum in control (Ctrl) and SDC3-depleted (S3kd) cells, were mapped to proteins with their associated 
phosphosite and submitted to Ingenuity Pathway Analysis (IPA). Pathway enrichment analysis was performed, and the list 
of significantly enriched pathways was manually filtered to include only tyrosine kinase-related signaling pathways with a 
p-value < 0.05. An ‘X’ in the heatmap represents that the indicated pathway was not significantly enriched in the indicated 
cell line. Color scale: white = low enrichment, dark teal = high enrichment. (B) IPA’s z-score for signaling pathway 
enrichment analysis predicts whether a pathway is activated or deactivated: a negative value indicates deactivation whereas 
a positive value indicates activation. Color scale for pathways that were assigned an activation score: from orange to yellow 
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= progressively more activated, from magenta to purple = progressively more deactivated. Where no prediction of activation 
level could be made the related cells are not colored. (C) Phosphopeptides identified as regulated by SDC3 and serum 
stimulation (comparison #5, Fig. 2) were mapped to their corresponding proteins and submitted to DAVID 6.8 for gene 
ontology analysis. Biological Processes with a p<0.05 were considered significant, ordered by fold enrichment and plotted. 
(D-E) The insulin receptor pathway was interrogated in IPA for further analysis. Proteins and their phosphosites were 
mapped by IPA and colored according to increased (red) or decreased (blue) in abundance. Where multiple phosphosites 
were identified, the node was colored with shades of blue and/or red. Proteins shaded in gray are essential nodes of the 
pathways depicted for clarity but that were not found differentially phosphorylated. (F-G) C2C12 myoblasts were cultured 
in growth medium and detached using citric saline to avoid cleaving membrane complexes. Interacting plasma membrane 
proteins were fixed using 2% paraformaldehyde before lysing with an immunoprecipitation-friendly buffer. SDC3 was 
immunoprecipitated with its interactors using a rabbit anti-SDC3 antibody, while a normal rabbit IgG was used as control. 
Protein complexes were then treated to remove glycosaminoglycans, subjected to western blotting and probed for either (F) 
the insulin receptor (INSR) or (G) the insulin-like growth factor receptor (IGF1R). The IP’ed INSR appears as a smear due 
to variable levels of glycosylation it harbors [41]. IB = immunoblot. IP = immunoprecipitation. N = 3. (H-I) Proximity 
ligation assay performed on Ctrl and S3kd proliferating myoblasts. Representative images from one of three independent 
experiments are shown in (H). Quantification of one representative of three independent experiments is quantified in (I). 
*** = p < 0.001. 

 

Upon insulin stimulation, the insulin receptor (INSR) can signal via both the SHC/ERK pathway 

or via the PI3K/AKT/mTOR pathway. Although insulin signaling via ERK regulates several and 

diverse biological processes in various cell types, including proliferation and differentiation [34-39], in 

myoblasts it appears to almost exclusively promote cell growth and proliferation, while the 

AKT/mTOR pathway promotes a host of biological processes in myoblasts by regulating various 

metabolic functions, such glucose and lipid metabolism and protein translation [40]. Upon mapping to 

the INSR pathway the phosphoproteins that differentially responded to serum stimulation in SDC3-

depleted and control myoblasts, it appeared that only the PI3K/AKT/mTOR branch of the pathway was 

differentially affected by the presence/absence of SDC3, while the SHC/ERK pathway was not (Fig. 

3D-E).  

It is well-established that the IRS1/AKT/mTOR pathway is used by both insulin and insulin-like 

growth factors (IGFs), whose receptor insulin-like growth factor 1 receptor (IGF1R) shares a high 

degree of homology with the INSR. Indeed, the INSR can be activated by IGF-1 and IGF-2, although it 

has greater affinity for its primary ligand insulin [42-46].  Therefore, to determine whether SDC3 

selectively regulates the INSR or the IGF1R pathway, or both, we immunoprecipitated SDC3 from 

myoblasts and probed for both INSR and IGF1R. Despite the high homology between INSR and 

IGF1R, SDC3 immunoprecipitated only with the INSR but not IGF1R (Fig. 3F-G). To further test 

whether SDC3 and INSR are indeed in a complex, we performed a proximity ligation assay (PLA) 

using an antibody detecting SDC3 and one detecting INSR but not IGFR. The PLA detected more 

numerous, larger and brighter puncta in Ctrl cells compared to S3kd cells, further confirming a 

molecular association between SDC3 and INSR. 
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Our data so far strongly support a role for SDC3 in regulating signal transduction through INSR. 

Therefore, we decided to investigate the molecular mechanisms underlying SDC3-mediated regulation 

of insulin/INSR signaling. 

SDC3 promotes insulin-induced proliferation but inhibits insulin-induced AKT phosphorylation 

in proliferating muscle progenitors. 

The role of insulin signaling in myogenesis is not completely understood. It appears to promote both 

myoblast proliferation and differentiation [47-50]. This is intriguing since myoblast proliferation and 

differentiation are two mutually exclusive biological processes and it is not clear through which 

mechanisms the same signaling pathway is able to promote both processes.  

To test the hypothesis that SDC3 regulates the INSR signaling pathway in myogenesis, we 

cultured control and SDC3-depleted myoblasts (Fig. 4A), as well as primary wild type and Sdc3-/- 

MuSC progeny (Fig. 4B), in the presence/absence of increasing concentrations of insulin. We chose to 

use insulin to trigger INSR activation, rather than either IGF, because insulin is INSR’s primary ligand 

with an affinity for it ~5-fold greater than IGF2 and ~50 times greater than IGF1. After 24 hours of 

exposure to insulin or vehicle, control cell numbers increased in response to insulin treatment in a dose-

dependent manner, while the numbers of S3kd myoblasts and Sdc3-/- MuSC progeny remained constant 

(Fig. 4A-B), suggesting that SDC3 might be required for myoblast proliferation in response to insulin. 

To further test this, we measured the phosphorylation levels of AKT and ERK1/2 in control and SDC3-

depleted myoblasts cultured in the presence/absence of insulin (Fig. 4C-G). Neither ERK1 nor ERK2 

phosphorylation were significantly increased by chronic insulin treatment of proliferating myoblasts 

(Fig. 4C-E). In contrast, both control and SDC3-depleted myoblasts, cultured under proliferating 

conditions, responded to insulin by increasing the levels of AKT phosphorylation. However, SDC3-

depleted cells, which fail to proliferate more in response to insulin, also showed greater activation of 

AKT in response to insulin than control cells (Fig. 4F-G). Crucially, a similar trend was observed when 

control and SDC3-depleted, proliferating myoblasts were serum-starved and then exposed to an acute 

insulin stimulation (Supplementary Fig. S4A). Thus, hyperactivation of AKT signaling in response to 

insulin is associated with loss of proliferative response in SDC3-depleted myoblasts and primary Sdc3-/- 

MuSC progeny.  
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Figure 4. AKT phosphorylation induced by 
chronic insulin treatment is greater in 
proliferating S3kd myoblasts compared to 
Ctrl myoblasts. (A) Control (Ctrl) and 
SDC3-depleted (S3kd) cells were cultured in 
growth medium for 24 hours supplemented 
with either PBS, 50 or 100 nM insulin. Cells 
were stained with DAPI to visualize nuclei 
and the number of cells per image was 
counted using a bespoke Fiji script. Data are 
plotted as a percentage of PBS treated cells. 
n.s. = non-significant, ** = p<0.01. Averages 
from 3 independent experiments, are plotted. 
Each biological replicate was plated in 
triplicate (3 biological replicates x 3 technical 
replicates per cell line) and 30 images per 
biological replicate were scored (total N = 90 
images per data-point). (B) Primary wild type 
(WT) and Sdc3-/- MuSC progeny were 
cultured and treated as in (A). Data expressed 
as a percentage of PBS treated cells. n.s. = 
non-significant * = p<0.05. Averages from 3 
independent experiments are plotted, where 
10 -15 images per biological replicate were 
scored (total N = minimum 30 images per 
data point). (C) Representative western blots 
of control (C) and SDC3-depleted (S3) 
myoblasts cultured in growth medium for 48 

hours with either PBS or 100 nM insulin. Levels of phosphorylated-ERK1/2T202/Y204 (pERK1, pERK2) and total ERK1/2 
(ERK1, ERK2) were measured. N = 3. (D-E) Quantification of western blotting images as those shown in (C) using ImageJ. 
n.s. = non-significant. Averages from 3 independent experiments, using a total of 3 biological replicates per cell line, are 
plotted. N = 3. (F) The same cell lysates from experiments shown in (C-E) were used to measure the levels of 
phosphorylated in serine 473/474 (pAKT) and total AKT (AKT). Notably, AKT phosphorylation in T308/309 in 
proliferating Ctrl and S3kd myoblasts treated with either vehicle (PBS) or insulin follows the same trend as S473/474 
phosphorylation (not shown). N = 3. (G) Quantification of western blot images as those shown in (F).  * = p<0.05, ** = 
p<0.01. Averages from 3 independent experiments, using a total of 3 biological replicates per cell line, are plotted. N = 3. 

SDC3 loss in differentiating myoblast promotes differentiation and hyperactivation of 

AKT/mTOR, and impairs the response to insulin 

Next, we tested the role of SDC3 in the regulation of insulin-induced myogenic differentiation in 

myoblast cell lines and primary MuSC progeny (Fig. 5A). In the absence of additional insulin, S3kd 

myoblasts differentiated and fused more vigorously than Ctrl myoblasts in response to serum lowering, 

as previously reported [26]. Further insulin stimulation promoted differentiation and fusion in both cell 

lines, but Ctrl myoblasts responded to insulin to a greater extent than S3kd myoblasts (Fig. 5A-C). 

Similar results were obtained when primary MuSC progeny isolated from wild type and Sdc3-/- mice 

were tested (Fig. 5D-F). 

When activation of the AKT/mTOR pathway in differentiating myoblasts stimulated with 

insulin was assayed by measuring the levels of AKT and RPS6 phosphorylation, we observed a similar 

trend as shown by differentiation phenotypic markers: the absence of SDC3 led to an increase in basal 
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AKT/mTOR activation in differentiating myoblasts, which was accompanied by a blunted response to 

insulin stimulation (Fig. 5G-I). In contrast, ERK1/2 phosphorylation did not increase upon SDC3 loss 

in differentiating myoblasts, either under basal conditions or in response to insulin. Moreover, insulin 

stimulation caused a reduction in ERK1 phosphorylation in differentiating myoblasts, regardless of 

SDC3 expression (Fig. 5J-K). This was not surprising since a reduction in ERK1/2 signaling is known 

to accompany myoblast differentiation [51, 52].  

 

Figure 5. AKT/mTOR signaling is hyperactivated in differentiating SDC3-depleted myoblasts. (A) Representative 
immunofluorescent images of control (Ctrl) and SDC3-depleted (S3kd) myoblasts induced to differentiate for 3 days by 
reducing the serum concentration in the presence of PBS or 100 nM insulin. Cells were stained with DAPI (blue) to 
visualize nuclei and an anti-myosin heavy chain (MyHC, green) antibody (MF20 clone) to detect differentiated cells. Scale 
bar: 200 µm. (B-C) Quantification of fusion and differentiation index from cells treated as in (A). n.s. = non-significant. ** 
= p<0.01. Averages from 3 independent experiments are plotted. Each biological replicate was plated in triplicate (3 
biological replicates x 3 technical replicates per cell line) and 10 images per biological replicate were scored (total N = 30). 
(D) Representative immunofluorescent images of primary wild type and Sdc3-/- MuSC progeny induced to differentiate for 3 
days by reducing the serum concentration in the presence of PBS or 100 nM insulin. Cells were stained with DAPI (blue) to 
visualize nuclei and an anti-myosin heavy chain (MyHC, green) antibody (MF20 clone) to detect differentiated cells. Scale 
bar: 100 µm. N = 3. (E-F) Quantification of fusion and differentiation index from cells treated as in (D). n.s. = non-
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significant. ** = p<0.01. Averages from 3 independent experiments are plotted, where 15-20 images per biological replicate 
were scored (N = minimum 45 images per data point). (G-N) Control (C) and SDC3-depleted (S3) myoblasts were induced 
to differentiate for 3 days by reducing the serum concentration, in the presence of PBS or 100 nM insulin. Cells were lysed 
and subjected to western blotting to measure the levels of phosphorylated-AKTS473/474 (G-H), phosphorylated-AKTT308/309 (I-
J) and total AKT (G-J); phosphorylated-RPS6S240/S244 (pRPS6) and total RPS6 (K-L); phosphorylated-ERK1/2 and total 
ERK1/2 (M-N). Representative images of western blots are shown in (J), (I), (K) and (M). Quantification of western 
blotting images obtained from at least three independent experiments using the “Analyze Gels” function of ImageJ are 
plotted as averages +/- S.E.M. in (H), (J), (L) and (N). Except for pAKTT308/309, which was only repeated on lysates from 
two independent experiments (hence no statistics are reported), all other western blotting analysis were repeated on lysates 
from 3-4 independent experiments. n.s. = non-significant, * = p<0.05, ** = p<0.01.  
 

SDC3 inhibits the AKT/mTOR pathway in muscle progenitors thus preventing differentiation  

The evidence accumulated so far suggests that, in proliferating myoblasts, SDC3 loss promotes 

insulin-induced activation of the AKT/mTOR pathway while inhibiting it in differentiating myoblasts. 

The key to understand why SDC3 loss leads to two opposite outcomes depending on the cell state is the 

observation that SDC3 is downregulated during myoblast differentiation (Fig. 6A) as previously 

reported [24] and such downregulation is accelerated in the presence of insulin (Fig. 6B). Thus, it 

appears that SDC3 expression acts as a molecular switch that promotes proliferation, by inhibiting 

AKT/mTOR, when is expressed (switch on) while allowing differentiation, by releasing the “brake” on 

AKT/mTOR, when is downregulated (switch off). It also appears that INSR activation, for example via 

insulin, exacerbates this scenario by further contributing to AKT/mTOR activation, and therefore 

feeding into a positive feedback loop whereby more AKT/mTOR activation leads to more 

differentiation and more SDC3 downregulation, which in turn leads to more AKT/mTOR activation, 

etc. If this hypothesis is correct, then downregulation of the INSR in differentiating Sdc3-/- muscle 

progeny should restore differentiation back to wild type levels. To test this hypothesis, we transfected 

primary wild type and Sdc3-/- MuSC progeny with siRNAs targeting the INSR (Supplementary Fig. 

S5A) and induced them to differentiate by serum reduction (Fig. 6C). Indeed, INSR knockdown in 

Sdc3-/- MuSC progeny inhibited differentiation and fusion and returned their values back to wild type 

levels (Fig. 6D-E and Supplementary Fig. S5B).  

Even in the presence of high serum concentrations, myoblasts that have proliferated and reached 

confluence will spontaneously begin to differentiate, which has been described as the community effect 

[51, 53, 54]. We hypothesized that, upon stochastic differentiation initiation, insulin and/or IGFs 

contained in serum promote spontaneous progression towards terminal differentiation and fusion.   
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Figure 6.  Knockdown of the insulin receptor and inhibition of AKT rescue the differentiation phenotype of Sdc3-/- 
MuSC progeny. (A) Protein levels of SDC3 in proliferating (P) and differentiating C2C12 myoblasts harvested at the 
indicated time points, were measured via western blotting. GAPDH was used as loading control. (B) Insulin treatment 
accelerates SDC3 downregulation during myoblast differentiation. (C) Immunofluorescence images of primary wild type 
(WT) and Sdc3-/- MuSC progeny transfected with either 10 nM scrambled siRNA (Ctrl) or insulin receptor (INSR) siRNAs, 
then induced to differentiate for 40 hours by reducing serum concentration. Cells were stained with DAPI (blue) to visualize 
nuclei and with an anti-myosin heavy chain (MyHC, green) antibody (clone MF20) to detect differentiated cells.  Scale bar 
= 100 µm. siR = siRNA. N = 3. (D-E) Quantification of fusion and differentiation index from primary (WT) and Sdc3-/- 
MuSC progeny treated as in (B). Values from individual images were plotted as individual dots, horizontal black lines are 
the averages calculated across 3 biological replicates per genotype, where 15-20 images per biological replicate were scored 
(N = minimum 45 images per data-point). n.s. = non-significant. ** = p<0.01. (F) Immunofluorescence images of primary 
wild type and Sdc3-/- MuSC progeny that were cultured in growth medium for four days leading to spontaneous 
differentiation. Cells were treated with DMSO or 1 µM AKT inhibitor (AKT inh) from four hours after plating. Cells were 
stained with DAPI (blue) to visualize nuclei and an anti-myosin heavy chain (MyHC, green) antibody (MF20 clone) to 
detect differentiated cells.  Scale bar: 100 µm. N = 3. (G-H) Quantification of fusion and differentiation index from (E). 
Error bars represent S.E.M.  ** = p< 0.01; n.s. = non-significant. Averages from 3 (Sdc3-/- samples) and 4 (wild type 
samples) independent experiments are plotted, where 15-20 images per biological replicate were scored (N = minimum 45 
images per data point). 

 
This effect would then be further amplified by SDC3 downregulation (Fig. 6A) and consequent release 

of the SDC3-mediated brake on INSR signaling via AKT/mTOR. If this hypothesis is correct, then: (i) 

the pro-differentiative effect of INSR/AKT/mTOR signaling during spontaneous differentiation in high 

serum should be exacerbated in Sdc3-/- MuSC progeny, where AKT/mTOR is not effectively inhibited 

during the proliferative phase; (ii) AKT inhibition should decrease Sdc3-/- MuSC progeny spontaneous 
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differentiation to wild type levels. Indeed, when we cultured wild type and Sdc3-/- MuSC progeny 

under normal growth conditions (high serum) and allowed them to grow to confluence and then 

spontaneously differentiate (Fig. 6F), SDC3 loss promoted both differentiation and fusion (Fig. 6E). 

Furthermore, we confirmed that increased spontaneous differentiation in Sdc3-/- MuSC progeny could 

be rescued by AKT inhibition (Fig. 6F-G). Importantly, AKT inhibition did not significantly affect 

myotube fusion (Fig. 6H), suggesting that regulation of the INSR/AKT/mTOR signaling pathway 

affects the earlier stages of differentiation, consistent with the dynamics of SDC3 downregulation upon 

differentiation initiation. 

 

DISCUSSION 

We have used an unbiased phosphoproteomics approach to define the global landscape of signaling 

pathways regulated by SDC3 during myogenesis and identified INSR/AKT/mTOR as a key pathway 

regulated by SDC3 in MuSC progeny. This complements the recent finding that SDC3 regulates AKT 

in mesenchymal stem cells [13]. Furthermore, we show that SDC3 is in a molecular complex with the 

INSR but not the IGF1R, suggesting this mechanism is specific to the INSR. Following an in-depth 

investigation of SDC3-mediated regulation of insulin signal transduction, we discovered that SDC3 

expression acts as a molecular switch allowing insulin/INSR signaling to promote proliferation when 

SDC3 is expressed, in the early stages of myogenesis, while promoting differentiation when SDC3 is 

downregulated and eventually lost, in the later stages of myogenesis.  

Several signaling molecules have been shown to promote both proliferation and differentiation 

of MuSC progeny, including insulin and the IGFs, however this is a biological conundrum as 

proliferation and differentiation are two mutually exclusive processes [55-57]. Here we show that in 

proliferating MuSC progeny SDC3 limits AKT activation in response to insulin, which in turn prevents 

premature differentiation (Fig. 7A). As differentiation begins, SDC3 expression quickly decreases, 

releasing the inhibition on AKT and allowing differentiation to proceed (Fig. 7B).  

Inhibition of premature MuSC differentiation by SDC3 during the early stages of myogenesis is 

an essential strategy to ensure that the MuSC progeny pool expands enough to yield the numbers of 

progeny necessary for a complete regeneration (Fig. 7). Indeed, as shown by us and others, SDC3 

fulfils this timekeeper role also via regulation of other signaling pathways. We previously showed that 

SDC3 promotes MuSC progeny expansion by enhancing cleavage and activation of Notch1, which in 

turn inhibits differentiation and promotes cell cycle progression [26, 58]. Moreover, SDC3 is required 
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for Pax7 expression and maintenance of an uncommitted state [25], which is an essential mechanism in 

the prevention of differentiation [59, 60], and promotes MuSC adhesion to myofibers, which is 

required for quiescence maintenance [61]. 
 
Figure 7. SDC3 is a timekeeper of myogenic differentiation. (A) 
During the early stages of myogenesis, SDC3 is expressed and supports 
proliferation by promoting Notch signaling, Pax7 expression and 
adhesion. At the same time SDC3 inhibits the insulin receptor 
(INSR)/AKT signaling pathway, which also supports proliferation by 
preventing premature differentiation. At this stage, growth factor (GF) 
signaling is also very active, further supporting proliferation, although a 
SDC3-mediated block on certain key GF pathways (e.g. FGF/ERK1/2 
signaling pathway) poses a brake to excessive GF signaling. (B) During 
the later stages of myogenesis, SDC3 is dramatically downregulated 
and its ability to promote proliferation is diminished whilst 
differentiation via Insulin/AKT is no longer inhibited. Additionally, the 
reduction in growth factor signaling further tips the balance towards 
terminal differentiation.  

 

 

 

An observation apparently at odds with the pro-differentiative effect of SDC3 downregulation 

upon differentiation initiation is that SDC3 appears to inhibit FGF2 and HGF signaling via ERK1/2 

([28] and Fig. 1C). Therefore, loss of SDC3 expression during the later stages of myogenesis should 

lead to ERK1/2 hyperactivation, but this would inhibit differentiation [62], while we observe enhanced 

differentiation when SDC3 is absent or heavily depleted. In reality, expression of ERK1/2 is also 

rapidly downregulated with the onset of differentiation [51], therefore positive regulation of ERK1/2 

activity in the absence of SDC3 is only relevant during the early, proliferative stages of myogenesis, 

but not during the late, differentiative stages of myogenesis. Moreover, the overall heparan sulfate 

complement of MuSC progeny changes upon differentiation onset, becoming inhibitory for FGF2 

signaling via ERK1/2 [63]. In fact, it is possible that SDC3-mediated inhibition of ERK1/2 in response 

to growth factors is the reason why regenerated myofibers are larger in Sdc3-/- mice compared to wild 

type controls. In the absence of SDC3, loss of proliferative capacity due to impairments in adhesion, 

Pax7 expression and Notch signaling and to enhanced INSR-mediated differentiation, is partly 

counteracted by enhanced ERK1/2 activation in response to growth factors, effectively preserving 

expansion of the MuSC progeny pool. Moreover, impaired Notch signaling and reduced adhesion to 

myofibers lead to loss of MuSC quiescence in Sdc3-/- muscles, which contributes to further expand the 

pool of differentiation-competent MuSC progeny, ultimately leading to generation of larger myofibers 
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[25, 26, 28]. In this context, it is also possible that SDC3-mediated inhibition of ERK1/2 activation by 

growth factors has evolved as sort of “brake” preventing excessive MuSC proliferation and eventual 

tumor formation [64, 65], placing SDC3 as a balancer at the center of an intricate signaling network.  

An important consideration to make is the potential of compensation provided by the other three 

syndecans when SDC3 is depleted or ablated. We have tested whether the expression level of the other 

syndecans change upon SDC3 knockdown and found that mRNA levels of SDC1, SDC2 and SDC4 do 

not significantly change in proliferating myoblasts, but are altered in differentiated myoblasts 

(Supplementary Figure S6). While the other syndecans may participate in the regulation of mTOR 

activation and the extent and/or direction of such contribution may be altered when SDC3 is depleted 

or ablated, this possibility does not change the fact that: (1) we provide here strong evidence that SDC3 

is closely associated with INSR, (2) SDC3 downregulation, either naturally (during the early stages of 

differentiation) or artificially (upon knockdown or knockout) leads to a defect on INSR signaling via 

AKT/mTOR. Thus, our conclusion that the expression levels of SDC3 in myoblasts determine how and 

how much INSR signals, remains valid, regardless of how many other receptors and co-receptors also 

contribute to INSR signaling via AKT/mTOR and may be altered upon SDC3 depletion or ablation. 

Integrin signaling was amongst the top signaling pathways regulated by SDC3. Integrin-mediated 

cell adhesion may also influence insulin-mediated differentiation since integrins bind to the INSR and 

IRS1 upon insulin stimulation to mediate insulin signaling and promote proliferation [66]. 

Additionally, insulin induces dephosphorylation of focal adhesion kinase (FAK) in adherent cells and 

FAK/IRS1 have been shown to interact, which strongly suggests co-operation of insulin and integrin 

signaling [67]. Loss of SDC3 perturbs MuSC adhesion [25] and enhances differentiation. Therefore, 

SDC3 might regulate an insulin/integrin signaling cross-talk as syndecans cooperate with integrins to 

mediate cell adhesion to the ECM [15, 68]. A hypothetical model may include an integrin/INSR/SDC3 

interaction in MuSC progeny that promotes proliferation in response to insulin; when SDC3 is lost this 

interaction is impaired and differentiation is promoted via AKT. The integrin/INSR/SDC3 complex 

would then prevent differentiation by inhibiting IRS1/AKT signaling, which is supported by the 

significant changes in the levels of total and phosphorylated IRS1 reported in this paper.  

Diabetic myopathy is the reduction in muscle mass and function associated with type 1 and 2 

diabetes mellitus. Skeletal muscle is heavily involved in regulating blood glucose, and in diabetic 

patients the total muscle mass is reduced [69]. MuSCs differentiation is impaired in diabetic mice, 

leading to a lack of muscle regeneration in response to injury [70]. Additionally, MuSC proliferative 

capacity is reduced in a rat model of metabolic syndrome, accompanied by alterations to AKT 

signaling and myogenic regulatory factor expression [71]. Changes in SDC3 expression have been 
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linked to metabolic syndrome, regulation of energy balance and obesity, all risk factors predisposing to 

development of type 2 diabetes mellitus [72, 73]. Moreover, fetal hyperglycemia caused by gestational 

diabetes of the mother causes insulin resistance in developing skeletal muscle [74]. Further work to 

investigate the role of SDC3/INSR/AKT signaling in a diabetic model would be advantageous to 

elucidate any protective effects from targeting this pathway on diabetic myopathy as well as on 

regulation of glucose levels. 

In conclusion, our work, and that of others, establish SDC3 as an important regulator of 

myogenesis in charge of coordinating the delicate balance between multiple signaling pathways and 

biological processes.  This suggests that its pharmacologic targeting might result beneficial in the 

context of adult muscle regeneration, developmental and obesity-related disorders. 
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MATERIALS AND METHODS 

A full list of reagents, tools and software used, with their unique identifiers, are available in Table S6 – 

Materials and Resources. 

Data and Code Availability 

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via 

the PRIDE [75] partner repository with the dataset identifier PXD020123.  The Bayesian Markov chain 

Monte Carlo (MCMC) code is available from https://github.com/PGB-

LIV/JonesSDC3PhosphoproteomicsPaper. The Fiji script used to count cell nuclei and myoblast area is 

available from https://github.com/Piscontilab/Fiji-script 

Animals 

Wild type (C57Bl/6) and age and sex-matched Sdc3−/− mice [76] were housed in a pathogen-free 

facility at the University of Liverpool in accordance with the Animals (Scientific Procedures) Act 1986 

and the EU Directive 2010/63/EU, after the local ethical review and approval by Liverpool 

University’s Animal Welfare and Ethical Review Body.  

C2C12 cell cultures 

Routine culture of parental C2C12, Ctrl and S3kd myoblasts was performed under humidified 

atmosphere of 5% CO2 and atmospheric O2 at 37 °C. Growth medium was composed of DMEM 

(D6429 Sigma-Aldrich), 10% foetal bovine serum (Gibco), 1% penicillin and streptomycin 

(Invitrogen). Cells were passaged every two days to ensure confluence was kept between 40-70%. 

Parental C2C12 cells were obtained from ATCC and passages did not exceed 30. Cells were detached 

for passaging using 0.5% trypsin-EDTA solution (Sigma, T3924). For routine differentiation of 

parental C2C12, Ctrl and S3kd myoblasts, 90% confluent cultures were washed twice with DMEM 
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before being cultured in differentiation medium (DMEM, 2% horse serum, 1% pen/strep) for various 

lengths of time. 

Primary muscle stem cell-derived myoblast cultures 

Primary muscle stem cell-derived myoblasts (henceforth referred to as MuSC progeny) were obtained 

from hindlimbs of 8-14 week old male mice (wild type and age-matched Sdc3-/-) as described 

previously [51, 63]. Growth medium consisted of F12 + 0.4 mM CaCl2 (F12C), 15% horse serum 

(HyClone), 1% penicillin/streptomycin, 2 nM recombinant FGF2 (kindly donated by Dr David Fernig, 

University of Liverpool). MuSC progeny were passaged once, two days after initial isolation and 

plating, using 40 units/mL of collagenase type I in phosphate buffered saline (PBS). Differentiation 

medium consisted of F12C, 3% horse serum, 1% penicillin/streptomycin.   

Generation of Ctrl and S3kd myoblasts 

SDC3 was stably knocked down in C2C12 myoblasts by transfecting cells with a plasmid containing an 

shRNA sequence that targets SDC3 (Sigma, Mission # TRCN0000071990) to generate the SDC3-

depleted (S3kd) cell line, or the empty backbone vector (pLKO-1, Sigma Mission) to generate the 

control (Ctrl) cell line. C2C12 myoblasts at 80% confluence were transfected using Lipofectamine 

2000 then passaged for 3 times in the presence of 2 µg/mL puromycin to select for positively 

transfected cells. No clonal selection was employed since C2C12 myoblasts are heterogenous. Western 

blotting was used to confirm knockdown efficiency, which was ≥ 95%.  

Western Blotting 

Protein extracts were obtained by lysing cells in RIPA buffer (50 mM Tris-HCl, pH 7.4, 1% NP-40, 

0.25% sodium-deoxycholate, 150 mM NaCl, and 1 mM EDTA) supplemented with a protease inhibitor 

cocktail (Complete, Roche) and phosphatase inhibitors (2 mM activated Na3VO4, 2 mM NaF and 1x 

PhosSTOP (Roche)). Soluble proteins were quantified using the Pierce BCA Protein Assay Kit, 

following the manufacturer’s protocol.  For detection of all proteins indicated except SDC3, an equal 

amount of protein sample (between 10-20 µg) was separated by SDS-PAGE and then transferred onto a 

nitrocellulose membrane (Hybond, GE Healthcare) for two hours at 250 mA on ice. Membranes were 

blocked with a solution of 5% non-fat milk in Tris Buffered Saline Tween20 (TBST). Primary 

antibodies (see Table S5) were diluted in either 5% w/v BSA in TBST or 5% milk in TBST, depending 

on the supplier’s recommendation, added to membranes and incubated over night at 4 °C. Membranes 

were washed in TBST and incubated with a horseradish peroxidase (HRP)-conjugated secondary 

antibody for one hour at room temperature. After washing with TBST, membranes were visualised 
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using chemiluminescence (Clarity™ ECL, Biorad) and imaged on an ImageQuant-Las4000 (GE 

healthcare) gel doc system or Amersham Imager 680. Band intensity was analysed using the ‘Analyze 

Gel’ function in ImageJ. 

To detect SDC3, cells were lysed as described above and equal amounts of Ctrl and S3kd total protein 

were precipitated with 2.5x volume of methanol overnight at -20 °C. Precipitates were pelleted by 

centrifugation at 13,000 x g at 4 °C then washed once with -20 °C acetone and centrifuged again at 4 

°C to collect precipitates. After discarding the supernatant, pellets were re-suspended in heparinase 

buffer (100 mM sodium acetate, 0.1 mM calcium acetate and 1 mM magnesium chloride) and digested 

with 0.25 mU heparinase III (Ibex) and 0.5 mU chondroitinase-ABC (Sigma-Aldrich) for 2 hours at 37 

°C, before addition of another 0.25 mU heparinase III for an additional two hours. Reactions were 

quenched by addition of 5X SDS-sample buffer and heated to 95 °C for 10 min before 50 µg of protein 

were loaded onto SDS-PAGE. From this point western blotting were carried out as described above. 

Stimulation of Ctrl and S3kd myoblasts with FGF2 or serum 

S3kd and Ctrl cells were plated at a density of 45,000 cells per 10 cm plates and cultured for two days. 

For serum-starvation, cells were washed twice with DMEM and then incubated for 5 hours in DMEM 

+ 2 µg/mL puromycin. After serum-starvation myoblasts were either lysed as described above in the 

western blotting section or treated with either 10% FBS or 2 nM FGF2 and then lysed at various time 

points as described in the western blotting section.  

Immunostaining, microscopy and quantification 

Culture medium was aspirated, and cells fixed with 4% paraformaldehyde (Sigma) in PBS (pH 7.4) 

solution for 10 minutes at room temperature. Cells were permeabilised with PBS + 0.2% TritonX100 

for 10 minutes at room temperature, then washed once with PBS + 0.2% TritonX100 and twice with 

PBS prior to immunostaining. For detection of myosin heavy chain (MyHC), the primary anti-MyHC 

antibody (DSHB, MF20 clone) was diluted at 1:150 in PBS + 1% horse serum before being incubated 

with cells overnight at 4°C. Next, cells were washed as above before a secondary antibody (anti-mouse 

conjugated to AlexaFluor488) was diluted at 1:500 in PBS + 5% horse serum and incubated with cells 

for 1 hour at room temperature. A solution of 2 µg/mL DAPI (Life Technologies) in PBS was used to 

stain DNA. Cells were then washed as above and stored in the dark at 4°C until imaging.  

Images were taken using an epifluorescence microscope (EVOS M500, Life Technologies) with the 

same exposure and gain settings in each experiment.  
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Quantification of immunostaining was performed by taking a minimum of 20 random images per 

experiment, with three technical replicates and three biological replicates unless otherwise stated. A 

bespoke script written for Fiji was used to count DAPI+ nuclei and myotube area as described 

previously [77]. Differentiation was calculated as the number of nuclei in MyHC positive cells divided 

by the total number of nuclei x100. Fusion index was calculated as the number nuclei contained in 

MyHC positives myotubes with at least two nuclei, divided by the total number of nuclei in all MyHC 

positive cells x100.   

Phosphoproteomics sample preparation and LC-MS/MS 

Lysates were prepared as previously described [30]. Ctrl and S3kd myoblasts were cultured in growth 

medium for two days and for each condition four biological replicates were used. Myoblasts were 

serum-starved for 5 hours in DMEM + 2 µg/mL puromycin then stimulated with FBS for 10 min. Cells 

were lysed in a mass spectrometry compatible buffer (50 mM ammonium bicarbonate, 0.25% 

RapiGest™ (Waters, UK), 2 mM NaF, 2 mM Na3VO4 and 1x PhosSTOP). Lysates were rotated end-

over-end for 30 minutes at 4°C, then sonicated with a Vibracell ultrasonic processor (Sonics, Newtown, 

USA) on ice for 10 seconds with a tapered microtip. Lysates were then snap-frozen in liquid nitrogen 

and submitted to the Centre for Proteome Research (CPR), University of Liverpool, for LC-MS/MS 

analysis. Briefly, 200 µg of protein sample were digested with 0.2 µg/µL trypsin overnight at 37 °C. 

RapiGest™ was hydrolysed by the addition of trifluoroacetic acid (TFA), for 2 hours at 60 °C, 

followed by centrifugation at 17,000 x g for 30 minutes at 4 °C. Supernatants were concentrated using 

a speedvac (Univapo-150 ECH) at a fixed speed of 1,250 rpm, 30 °C for 40 minutes and resuspended 

in 150 µl of 1% TFA, then desalted on macro spin columns (Harvard Macro Spin Columns). Samples 

were enriched for phosphopeptides using Titansphere PhosTiO columns (200 µL 5010-21312, 

Hichrom) prior to being solubilised in 20 µL 1% TFA, and centrifuged at 17,000 x g for 15 minutes. 10 

µL of supernatant were transferred to total recovery vials for LC-MS/MS analysis. We elected to only 

run through LC-MS/MS the phosphoproteome-enriched fraction of the cell lysate without running also 

either the flow through or a separate, unfractionated aliquot. Since signaling proteins are present at low 

abundance in cells, they are not easily detected by shotgun proteomics without an enrichment step. 

While the phosphorylated form(s) of these proteins are easier to detect thanks to the TiO2 enrichment 

step, their total counterpart is more difficult to detect because of the lack of enrichment and could 

potentially lead to misleading results. LC-MS/MS was performed at the Centre for Proteome Research, 

University of Liverpool, UK. Briefly, 4 µL of the phospho-enriched sample were analysed using an 

Ultimate 3000 RSLC™ nano system (Thermo Scientific, Hemel Hempstead) coupled to a QExactive™ 
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mass spectrometer (Thermo Scientific). The sample was loaded onto the trapping column (Thermo 

Scientific, PepMap100, C18, 300 μm x 5 mm), for 7 minutes at a flow rate of 9 μL/min with 0.1% TFA 

and 2% acetonitrile. The sample was resolved on the analytical column (Easy-Spray C18 75 μm x 500 

mm 2μm column) using a gradient of 97% buffer A (0.1% formic acid in water) and 3% buffer B 

(99.9% acetonitrile, 0.1% formic acid) to 60% buffer A and 40% buffer B (all v/v) over 90 minutes at a 

flow rate of 300 nL/min. The data-dependent program used for data acquisition consisted of a 70,000 

resolution full-scan MS scan (automatic gain control (AGC) set to 1 x106 ions with a maximum fill 

time of 250 ms) and the 10 most abundant peaks were selected for MS/MS using a 35,000 resolution 

scan (AGC set to 1 x 105 ions with a maximum fill time of 100 ms) with an ion selection window of 2 

m/z. To avoid repeated selection of peptides for MS/MS, the program used a 20 second dynamic 

exclusion window. 

Peptide identification and label-free quantification 

Peptides were identified using PEAKS Studio 8 searched against the Uniprot Mus musculus proteome 

database (Database version: October 2016). A fixed carbamidomethyl modification for cysteine and 

variable modifications of oxidation for methionine were specified. A variable modification for 

phosphorylation of serine, threonine and tyrosine were specified. A precursor mass tolerance of 10 ppm 

and a fragment ion mass tolerance of 0.05 Da were applied. The results were then filtered to obtain a 

peptide false discovery rate of 1%. The localisation probability of all putative phosphorylation sites 

were determined by PEAKS and reported as the Ascore. No filtering of peptides by Ascore was 

performed. 

Chromatogram alignment and label free quantification was performed using Progenesis QI (Version 

2.0).  Bayesian Markov chain Monte Carlo (MCMC) simulation was performed using the Stan (DOI 

10.18637/jss.v076.i01) programming language to fit a Poisson regression model with a log-link for 

each peptide in each comparison. In cases where a peptide was unobserved in a condition, an 

informative prior was used to impute a range of potential missing values for that condition. For each 

condition, a log-linear regression of the peptide abundances against the number of observed data points 

was used to predict the distribution of abundances of peptides with no observed values. This predicted 

distribution was then used as an informative prior for the abundance of missing values. 

For comparisons #1 - #4, the inferred posterior distributions of the mean log-fold-changes were then 

used to perform one-sided significance tests to determine the probabilities that the mean fold-change 

was less than -1.5 or greater than +1.5 for each peptide in each comparison. The complement of the 

greater of these two probabilities was taken as the quantitative posterior error probability (PEP) for 
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each peptide in each comparison. For comparison #5, the posterior samples of mean log-fold-change in 

comparisons #3 and #4 were used to determine the posterior distribution of the difference in log-fold-

change between comparison #3 and #4 for each peptide and quantitative PEPs calculated as above. 

Significant sets of peptides for each of the five comparisons were determined by calculating the largest 

set where the mean PEP <0.05. 

Pathway enrichment analysis 

Significantly regulated phosphopeptides and their corresponding Uniprot protein ID, natural log fold 

change and phosphosite were submitted to Ingenuity Pathway Analysis (IPA, Version 2.3, Qiagen) for 

canonical pathway enrichment using the phosphoproteome analysis tool. Pathways with an enrichment 

score of p <0.05 were considered statistically significant. IPA eturns a z-score which gives a prediction 

of whether pathways detected lead to activation (positive z-score) or deactivation (negative z-score) of 

that signaling pathway, depending on the proteins and phosphosites that are mapped to that pathway. 

For Gene Ontology enrichment analysis, DAVID 6.8 [78, 79] was used with significantly regulated 

phosphoproteins. The background dataset consisted of all the phosphoproteins identified in the 

phosphoproteomics experiment. Enriched terms with a p-value of less than 0.05 were considered 

statistically significant.  

Co-immunoprecipitation of SDC3 interactors  

Immunoprecipitation of SDC3 interactors was performed by fixation of cell lysate as previously 

described with small modifications [80]. Briefly, C2C12 myoblasts were cultured in normal growth 

promoting conditions and then gently detached using citric saline (135 mM potassium chloride and 15 

mM sodium citrate, no pH adjustment). Cells were pelleted and resuspended to 107 cells/mL in 2% 

paraformaldehyde/PBS solution and incubated for 10 minutes. Cells were pelleted and washed in 0.5 

mL ice-cold 1.25 M glycine/PBS solution twice. Cells were then lysed in 1 mL per 1x108 cells with a 

lysis buffer optimized for immunoprecipitation of heparan sulfate proteoglycans (1 X PBS, 1% Triton 

X100, 0.1% SDS), for 30 min at 4°C with rotation. After 30 minutes cells were further lysed by passing 

through a 27G needle 10 times. Lysates were then centrifuged at 17,000 x g at 4 °C for 30 min, soluble 

extracts were snap-frozen and stored at -80°C. 

Protein concentration was determined using the Pierce BCA Protein Assay Kit, following the 

manufacturer’s protocol. 1mg of lysate was diluted in PBS to a volume of 1 mL with the addition of 

either anti-SDC3 antibody (kindly donated by Dr Alan Rapraeger, University of Wisconsin at Madison, 

and previously validated by us [26] or normal-rabbit IgG. Antibodies and cell lysate were incubated 
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overnight at 4 °C with gentle rotation. The next day, immunocomplexes were isolated using protein A 

agarose beads as directed by the manufacturer’s protocol (Pierce, Thermo Fisher). Whilst 

immunocomplexes were still attached to the beads, glycosaminoglycan chains were removed using 

heparinase III and chondroitinase ABC as described in the western blotting section. After digestion, 

immunocomplexes were eluted from the beads by boiling the samples in 2X SDS buffer. Equal 

volumes of eluted samples were then resolved on an 8% SDS-PAGE and western blotting performed as 

described above.  

Proximity Ligation Assay 

Proximity ligation Assay (PLA) was carried out using the DuoLink® kit (Sigma) according to 

manufacturer instructions. Antibodies to detect SDC3 and INSR-b are specified in Table S6 - Materials 

and Resources. To quantify the extent to which SDC3 and INSR-b interact, both the number and size 

of the dots yielded by PLA were measured and an “interaction score” was determined by multiplying 

number of dots x average dot size for each field of view imaged and quantified under a 20X objective, 

using an EVOS M5000 microscope, after the background was linearly and homogenously subtracted 

from the entire image. 

Isolation of primary muscle stem cell-derived myoblasts 

Hindlimb muscles were dissected and minced before digestion with 400 units/mL collagenase type I in 

F12C for 1.5 hours at 37 °C with mixing every 15 minutes. Cell pellets were collected and resuspended 

in primary growth medium before being filtered through a 40 µm cell strainer. Cell pellets were 

resuspended again and plated onto gelatin-coated dishes under normal culture conditions for 1 hour. 

Non-adherent cells and growth medium were collected and then re-plated onto new gelatin-coated 

plates for two hours.  For the final plating, non-adherent cells were collected, centrifuged, re-suspended 

in fresh growth and plated onto fresh gelatin-coated plates for routine culturing. 

Stimulation of Ctrl and S3kd and control cells with insulin 

For proliferation experiments, Ctrl and S3kd cells were seeded at an equal density in growth medium 

supplemented with 50 or 100 nM insulin (I0516, Sigma Aldrich) as indicated in figures, or PBS as 

vehicle control, for 24 hours. During insulin treatment, primary MuSC progeny were maintained 

without FGF2. After 24 hours, both primary cells and cell lines were fixed and stained with DAPI as 

described in the immunostaining, microscopy and quantification section.  

To measure differentiation and fusion in response to insulin, cells were grown to ~90% confluence 

before switching them to differentiation medium. All cells were induced to differentiate for three days 
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in the presence of 100 nM insulin or PBS. Cells were then fixed and stained with DAPI and anti-MyHC 

antibody as described in the immunostaining, microscopy and quantification section.  

To measure the levels of pAKT, AKT, pRPS6, RPS6, ERK1/2 and ERK in proliferating myoblasts, 

Ctrl and S3kd cells were cultured for two days in growth medium supplemented with 100 nM insulin or 

PBS. To measure the same protein levels in differentiating cells, Ctrl and S3kd cells were grown to 

~90% confluence and then switched to differentiation medium containing either 100 nM insulin or 

PBS. Cells were differentiated for three days. After the allotted time had passed, cells were lysed and 

processed for western blotting as described in the relevant section.  

Transfection of insulin receptor siRNA in primary myoblasts  

For transient knockdown of INSR, primary MuSC progeny were seeded at 8,000 cells/well in 12-

multiwell plates in growth medium. For induced differentiation experiments, cells were cultured in 

growth medium for two days before medium was switched to transfection medium (Opti-MEM + 15% 

horse serum + 2 nM FGF2), whilst lipofectamine 2000 plus 10 nM INSR siRNAs or scrambled siRNA 

(sequences in Key Resources Table) were prepared. Lipofectamine 2000 was used as recommended by 

the manufacturer. Cells were incubated in lipofectamine2000 + siRNAs for five hours and then 

complexes removed and the culture medium switched to differentiation medium. Cells were left to 

differentiate for 40 hours before fixation.  

For spontaneous differentiation experiments, cells were cultured in growth medium for two days before 

being switched to transfection medium whilst lipofectamine + siRNAs were being prepared as 

described above. After five hours the transfection medium was removed and replaced with growth 

medium minus FGF2 for 48 hours. Cells were fixed and stained as described in the immunostaining, 

microscopy and quantification section. 

Inhibition of AKT in primary MuSC progeny 

Primary MuSC progeny were seeded at a density of 7,000 cells/well in 12-multiwell plates in growth 

medium containing FGF2 and allowed four hours to adhere to the gelatin-coated plates before 

beginning treatment with an AKT inhibitor (AZD5363, SelleckChem). After culturing in growth 

medium for 2-3 days, until confluent, FGF2 was removed (by replacing the medium with fresh growth 

medium that did not contain FGF2) and cultured for an additional two days still in the presence of the 

AKT inhibitor. A volume of DMSO equal to the volume of AKT inhibitor was added to vehicle control 

wells. Cells were then fixed and stained with DAPI and anti-MyHC antibody as described above. 

Adhesion assay 
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Ctrl and S3kd myoblasts were detached by trypsin, centrifuged, re-suspended in C2C12 growth medium 

and counted using a hemacytometer. An equal number of Ctrl and S3kd cells were added to two 

separate tubes and centrifuged to remove growth medium before being washed twice with either 

growth medium or serum-free medium (DMEM + 1% penicillin/streptomycin). After the second wash, 

both sets of cells were centrifuged and re-suspended at 7,000 cells/mL in either DMEM alone or 

complete growth medium (DMEM + serum). Cells were seeded on laminin (Sigma # L2020, laminin 

from Engelbreth-Holm-Swarm sarcoma) coated dishes or uncoated dishes and incubated for 1 hour at 

37 C, 5% CO2 before washed once with 1x PBS to remove non-adherent cells, then fixed in 4% PFA 

for 10 minutes at room temperature and then stained with DAPI to visualise cell nuclei before the 

number of cells were counted using the bespoke script as described above.  

Quantification and statistical analysis 

All statistical analysis for biochemistry and immunofluorescence experiments were performed in 

GraphPad Prism 8. Each experiment contained at least three biological replicates and multiple technical 

replicates. Data were checked for normal distribution and statistical significance was calculated using 

the two-tailed Student’s t-test or one-way ANOVA followed by Tukey post-test. Data were considered 

significant if p < 0.05. Data were plotted as average ± SEM (standard error of the mean) where error 

bars are shown. 

Supplemental Information Titles  
Figure S1. SDC3-depleted cells recapitulated phenotypes observed in Sdc3-/- myoblasts, related to 

Figure 1. 

Figure S2. Number of confidently identified peptides, phosphopeptides and phosphosites, related to 

Figure 2. 

Figure S3. SDC3-depleted cells show reduced capacity to adhere to laminin but increased adhesion 

and FAK signaling on uncoated substrates, related to Figure 2. 

Figure S4. Acute insulin stimulation induces robust AKT phosphorylation in both Ctrl and S3kd serum-

starved myoblasts, related to Figure 4. 

Figure S5. INSR knockdown in wild type myoblasts impairs myoblast fusion without significantly 

affecting the early stages of differentiation, related to Figure 6. 

Figure S6. SDC3 knockdown in myoblasts alters the expression levels of the other three syndecans in 

differentiating cells but not in proliferating cells. Related to Discussion. 
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Table S1. Number of of phosphorylated sites identified, related to Figure 2. 

Table S2. List of phosphopeptides with significant changes in abundance with both serum stimulation 

and SDC3 presence/absence, related to Figure 2. 

Table S3. List of significantly enriched pathways returned by the IPA analysis of serum stimulated Ctrl 

cells, related to Figure 3 

Table S4. List of significantly enriched pathways returned by the IPA analysis of serum stimulated 

S3kd cells, related to Figure 3 

Table S5. List of tyrosine kinase-related signalling pathways, related to Figure 3.  

Table S6. Materials and Resources used, related to all figures. 
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