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Abstract

Heparin and heparan sulfate mediated basic fibroblast growth factor (bFGF) signaling plays an

important role in skeletal muscle homeostasis by maintaining a balance between proliferation and

differentiation of muscle progenitor cells. In this study, we investigate the role of a synthetic

mimic of heparin, poly(sodium-4-styrenesulfonate) (PSS), on myogenic differentiation of C2C12

cells. Exogenous supplementation of PSS increased the differentiation of C2C12 cells in a dose-

dependent manner while the formation of multi-nucleated myotubes exhibited a nonmonotonic

dependence with the concentration of PSS. Our results further suggest that one possible

mechanism by which PSS promotes myogenic differentiation is by downregulating the mitogen

activated extracellular regulated signaling kinase (MAPK/ERK) pathway. The binding ability of

PSS to bFGF was found to be comparable to heparin through molecular docking calculations and

by native PAGE. Such synthetic heparin mimics could offer a cost effective alternative to heparin

and also reduce the risk associated with batch-to-batch variation and contamination of heparin.
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Introduction

Basic fibroblast growth factor (bFGF) plays an important role in skeletal muscle function

and regeneration [1-3]. Continuous and elevated levels of bFGF in cultures have been shown

to suppress myogenic differentiation of progenitor cells [4], while silencing of bFGF

signaling promotes in vitro myogenesis of MM14 myoblasts [5]. One of the key regulators

of bFGF signaling is heparin and heparan sulfate proteoglycans (HSPG) present on the cell

surface and in the extracellular matrix (ECM). Heparin/HSPGs regulate bFGF signaling by

directly interacting with bFGFs and FGF receptors (FGFR) to form ternary FGF-FGFR-
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heparin complexes [6]. While the cell surface bound HSPGs promote bFGF signaling, the

ECM bound HSPGs have been shown to regulate bFGF activation by sequestering them

away from the cell-surface receptors [7]. Additionally, heparin and HSPGs have been shown

to protect bFGF from denaturation and proteolytic degradation [8]. The binding of FGF to

cell surface HSPGs has been shown to function through the mitogen-activated protein

kinase/extracellular regulated signaling kinase (MAPK/ERK) pathway [9, 10].

bFGF signaling can also be modulated by exogenous soluble heparin and its synthetic

mimics, which function by sequestering bFGF away from FGFR [11,12]. Various

polyanionic compounds (sulfonic and carboxylic acid polymers) show heparin mimicking

ability [13-16]. A number of studies have utilized synthetic heparin mimics to support

regeneration of ischemic and compromised muscles [15, 17]. One of the most studied

heparin mimics is poly(sodium-4-styrenesulfonate) (PSS) [14]. Liekens et al. compared

various polysulfonic compounds and found PSS to be the most potent in binding to bFGF.

Additionally, PSS was also found to inhibit the proteolytic cleavage of bFGF. The heparin-

mimicking ability of PSS was also harnessed to control various bFGF-mediated cellular

processes such as inhibition of angiogenesis [14].

Taking cues from these studies, along with the role of bFGF signaling in myogenic

differentiation of cells, we determine for the first time the effect of PSS on myogenic

differentiation using C2C12 cells as a model system. As a proof of concept, we also evaluate

the effect of exogenous heparin on myogenesis of C2C12 cells, and confirm the binding

affinity of PSS on bFGF using molecular docking studies and native PAGE. We also

propose a plausible mechanism involving MAPK/ERK pathway for the observed beneficial

effects of PSS. Such synthetic mimics not only offer a cost-effective alternative to heparin

but also circumvent problems associated with batch-to-batch variations and other

contaminations observed in heparin [18].

Materials and Methods

Materials

PSS (Mw: 70kDa; CAS No. 25704-18-1) was obtained from Sigma-Aldrich and heparin

(Lot number PH-71609) from Celsus Laboratories Inc. According to the manufacturer, the

polydispersity index of PSS is in the range 3 to 5, and the degree of sulfonation is about

75%. Sodium heparin is isolated from porcine intestinal mucosa and contains around 0.54%

galactosamine. The protein content and bacterial endotoxins are less than 0.21% and 0.0015

EU/Unit, respectively. PSS and heparin were purified by dialyzing against deionized water

using dialysis tubing with a molecular weight cut-off of 500 (Spectrum Labs Inc. USA) and

lyophilized before use. Figure 1 shows 1H and 13C spectra of purified PSS acquired on

Varian Mercury 400 MHz spectrometer using D2O as a solvent. Human recombinant bFGF

(Stemfactor bFGF Cat. No. 03-002) was obtained from Stemgent Inc., USA.

C2C12 Cell culture

C2C12 cells were procured from ATCC (CRL-1772), and seeded at a density of 104

cells/cm2. The cells were cultured in growth medium (GM: high glucose DMEM
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(Invitrogen) containing 10% fetal bovine serum (FBS, Atlanta Biologicals), 2mM L-

glutamine (Invitrogen), 100 u/mL penicillin and 100μg/mL streptomycin (Gibco). Heparin

or PSS solution was added at various concentrations (0, 7pg/mL, 0.7ng/mL, 7ng/mL,

70ng/mL, 700ng/mL, 7μg/mL) to 90% confluent C2C12 monolayers. The effect of PSS was

also evaluated in myogenic differentiation medium (DM: similar to GM except 10% FBS is

replaced with 2% horse serum). At higher PSS concentrations (e.g. 7μg/mL) a small

percentage of cell death (5-15%) was observed in both GM and DM with the higher number

corresponding to DM.

Immunofluorescent staining

After 72 hours of PSS or heparin incubation, the cells were stained for myosin heavy chain

(MyHC), a late myogenic marker. The cells were fixed with 4% paraformaldehyde followed

by permeabilization with 0.5% Triton X-100 (Fisher Scientific) in 3% bovine serum albumin

(BSA, Sigma Chemicals). Cells were then stained with anti-MyHC antibody

(Developmental Studies Hybridoma Bank) at 1:250 dilution with 0.1% Triton X-100 in 3%

BSA for 1hr followed by the secondary antibody (goat anti-mouse - Alexa Fluor 488 -

Invitrogen) for 1hr. The nuclei were stained with diamidino-2-phenylindole (DAPI, Thermo

Scientific, USA) and images were taken using a fluorescent microscope (Carl Zeiss, Axio

Observer A1).

Quantification of differentiation and myotube formation

Extent of myogenic differentiation and multi-nucleated myotube formation (fusion index)

were calculated by analyzing images of cells stained for myosin heavy chain (MyHC), using

Macbiophotonics ImageJ software (McMaster University, Ontario). The number of

myotubes, i.e., MyHC positive cells, was counted manually. For counting the nuclei, the

images were filtered and adjusted for threshold followed by calculating the total number of

nuclei (i.e., DAPI positive cells). Four random fields of view (each with at least 800 nuclei)

were analyzed per sample for each of the three independent experiments. The differentiation

index was calculated as the ratio of MyHC positive cells to the total number of nuclei and

the fusion index was calculated as the ratio of myotubes containing three or more nuclei to

the total number of MyHC positive cells.

Effect of PSS on ERK signaling

C2C12/ERK-Luciferase reporter cell line was created by permanently transfecting C2C12

cells with Cignal-ERK-Luciferase (SA Biosciences, CA) according to manufacturer's

instructions. Briefly, Cignal-ERK-Luciferase virus was added to C2C12 cells growing on a

6-well plate (3×105 cells/well) at 20 MOI - multiplicity of infection. After transfection for

24hrs, the medium was replaced with fresh GM. C2C12/ERK-Luciferase reporter cell line

was obtained by continually expanding these cells under puromycin selection for over three

weeks. C2C12/null-Luciferase reporter cell line was created as a negative control using the

same procedure.

The cells were seeded at a density of 1.5 × 104 cells/cm2 in 96-well plates. PSS solutions

were added to the C2C12/ERK-luciferase reporter cell line, using C2C12 luciferase cells

without reporter as a control. After adding PSS solutions, cells were allowed to incubate in
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GM or DM for various times (4, 24, 48 hrs). The medium was then replaced with 100 μL of

ONE-Glo luciferase reagent (Promega, WI), and the luciferase expression was quantified by

using a luminescence plate reader (DTX880 multimode detector, Beckman Coulter).

Statistical methods

Myogenic differentiation and myotube formation (differentiation index, and fusion index)

were reported as an average of quadruplicates with standard deviation. The statistical

significance was determined by using one-way ANOVA at p<0.05 with Bonferroni post-test

to compare data pairs. GraphPad Prism software was used for performing all the statistical

analysis.

Non-denaturing (native) PAGE

Interaction of bFGF with PSS and heparin was characterized by running native-PAGE.

bFGF was reconstituted to 250ng/μL using sample buffer (50mM TRIS, 100mM NaCl,

0.05% Triton X-100, pH- 6.5 + 10% glycerol). 6% acrylamide gel prepared in running

buffer (50mM TRIS, 100mM NaCl, 0.05% Triton X-100, pH- 6.5) was used for running

native PAGE. 3μg of bFGF was incubated with various amounts (60ng, 120ng and 240ng)

of PSS or heparin in sample buffer with a final volume of 20μL for 20 minutes at room

temperature. These solutions were loaded on the gel and the gel was run at 100V for 1.45hrs

with reversed polarity. Gels were stained with Coomassie blue.

Molecular docking calculations

Molecular docking of PSS on bFGF was performed using the AutoDock Vina 1.0 package

[19]. This docking program is about two orders of magnitude faster in predicting binding

sites than its earlier versions and it also significantly improves the accuracy of binding by

allowing up to 32 rotatable bonds. The crystal structure of bFGF (1BFC) [20] minus the

bound HDTH and water molecules was used for docking. A molecular model for a PSS

decamer (10 monomers) was constructed using the Vega ZZ 2.3.1.2 package [21]. The 3D

coordinates of PSS and bFGF were converted into the appropriate format (adding polar

hydrogens, removing nonpolar hydrogens, and defining rotatable bonds) by using the

AutoDockTools package [22]. The bFGF receptor was held rigid while all rotatable bonds in

PSS were allowed to rotate.

We carried out 256 independent docking simulations by using default parameters in

Autodock Vina 1.0 with each simulation providing one final lowest-energy binding mode.

The 256 low-energy configurations were then further subjected to energy minimization and

cluster analysis [23]. The energy minimization was carried out by using the Amber10

package [24], involving 500 steps of steepest-descent with the generalized Born model for

the solvent. The hierarchical cluster analysis was carried out by using a root mean square

deviation (RMSD) cutoff of 3Å for sulfur atoms of the docked PSS. The structure with the

lowest RMSD to the average structure of the most populated cluster was determined as the

most favorable docking configuration. The docked structures of the bFGF/PSS complexes

were visualized using VMD package.
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Electrostatic potential calculations

The electrostatic potential calculations of PSS, and bFGF were determined by using the

APBS package. Hydrogen atoms were added to the crystal structures using PDB2PQR [25]

and charges and radii were assigned according to PARSE force field parameters [26]. The

electrostatic surface potential of the bFGF was calculated by solving the linearized Poisson–

Boltzmann equation using the APBS package [27]. These calculations were performed at a

temperature of 300 K, solute and solvent dielectric constants of 4 and 80, respectively, and

ion concentration and exclusion radius of 0.2 M and 2.0 Å, respectively. The same

procedure was carried out for the PSS ligands. APBS output including structures with 3D

surface potentials were visualized using PyMol (www.pymol.org).

Results and Discussions

bFGF signaling has been shown to play an important role in the formation of skeletal muscle

and their homeostasis. bFGF promotes proliferation of muscle progenitor cells and maintain

them in an undifferentiated state [28,29]. Therefore, one of the commonly used approaches

to promote myogenesis is by repressing bFGF activity [30]. Heparin and HSPGs have been

shown to play an important role in bFGF signaling mediated myogenesis [31]. In this study,

we have evaluated the effect of soluble heparin and a heparin-mimicking polymer, PSS, on

myogenic differentiation and myotube formation of C2C12 cells in two different culture

conditions, GM and DM. GM containing higher serum components promotes proliferation

of C2C12 cells, while DM containing lower serum components promotes myogenic

differentiation. The myogenic differentiation of C2C12 cells was quantified in terms of

differentiation and fusion indices. The differentiation index is the fraction of total nuclei that

are MyHC positive while fusion index is the fraction of MyHC positive cells containing

three or more nuclei within them [32].

Before examining the effects of PSS, we have first confirmed that soluble heparin promotes

myogenic differentiation. Exogenous supplementation of heparin both in GM and DM

showed myogenic differentiation of C2C12 cells, as characterized by MyHC positive cells

(Figure 2 and Figure 4a-b). As expected, the number of differentiated cells was higher in

DM as compared to GM at all concentrations of heparin. We next examined the effect of

PSS on promoting myogenic differentiation of C2C12 cells in GM and DM. The PSS-

mediated increase in myogenic differentiation was evident after 24 hrs and was found to

increase further with culture time. Figure 3 shows MyHC staining images of C2C12 cells at

different culture conditions after 72 hrs of culture. Compared to control cultures devoid of

any PSS, cultures containing PSS promoted both myogenic differentiation and myotube

formation. Similar to heparin, the PSS-mediated myogenesis was more prominent in DM

(Figure 4d, 5d) as compared to GM (Figure 4c and 5c).

Both in heparin as well as PSS containing cultures, an increase in differentiation index with

increasing concentration of heparin and PSS was observed in both GM and DM, though the

trends were different (Figure 4). For all cases, except PSS in GM, the myogenic

differentiation showed a continuous increase with the PSS and heparin concentrations, while

PSS in GM showed an initial increase, then a plateau in the range 7ng/mL – 700 ng/mL,

followed by another increase with increasing PSS concentration. At the highest
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concentration (7μg/mL) of PSS in DM, the differentiation index was about 3.8 and 2.5 times

higher than that of control and GM containing the same PSS concentration, respectively. We

observed a similar trend for heparin in DM with a 3.5 and 2.0 fold increases in the

differentiation index compared to control and GM, respectively. Lower concentrations of

PSS (0.7ng/mL and 7pg/mL) did not exhibit any noticeable effect on C2C12 myogenesis

(data not shown). The slight differences observed between heparin and PSS could be

attributed to differences in their chemical structure, molecular weight and the extent of

sulfation.

In contrast to differentiation, the fusion index of C2C12 cells showed a non-monotonic

dependence with the concentration of PSS and heparin, exhibiting a peak at 70 ng/mL in

GM (Figure 5). At higher PSS concentrations (7μg/mL), most of the differentiated cells were

mono-nucleated and the fusion index was lower than that of PSS-deficient control in GM.

On the other hand, in DM, at all PSS concentrations, the fusion index was higher than that of

the control (Figure 5d), again exhibiting a peak at lower concentrations, 7ng/mL. A similar

trend was observed for heparin in DM with a slightly higher fusion index at higher

concentrations of heparin (70ng/ml). The reason for the observed decrease in fusion index at

high PSS and heparin concentrations despite the differentiation of C2C12 is not clear and

could be due to various factors such as the interference of exogenous PSS and heparin on

other signaling pathways involved in fusion of differentiated myoblasts. The higher

differentiation and fusion indices observed in DM compared to GM could be attributed to

the low serum (and hence low bFGF) present in DM.

We next determined the effect of PSS on ERK pathway, given the importance of

MAPK/ERK pathway in myogenesis [10, 33]. ERK activity of C2C12 cells exposed to

various concentrations of PSS was examined using the C2C12/ERK-luciferase reporter cell

line, with the C2C12 luciferase cell line without reporter and the untreated ERK reporter as

controls. Exogenous supplementation of PSS decreased ERK activity in a dose dependent

manner (Figure 6). We did not observe any time-dependent effect on ERK down-regulation

(data not shown). Down regulation of MAPK/ERK pathway is known to promote

myogenesis of C2C12 cells (33).

We next confirmed the ability of PSS and heparin to interact with bFGF by subjecting bFGF

to non-denaturing polyacrylamide gel electrophoresis (native PAGE) in the presence and

absence of PSS and heparin (Figure.7). bFGF alone and bFGF treated with PSS or heparin

exhibited significant differences in their mobility under identical gel running conditions (pH

= 6.5 and reverse polarity), reflecting changes in their relative molecular mass and net

charge. As anticipated, bFGF treated with PSS and heparin exhibited a retarded migration

compared to bFGF alone. Similarly, in contrast to the intense band observed for bFGF alone,

bFGF-PSS and bFGF-heparin samples showed a reduction in band intensity (for the

unbound bFGF) in a dose-dependent manner. Taken together, these findings suggest that

both PSS and heparin complex with bFGF.

Finally, we have performed docking calculations of a PSS decamer onto bFGF to further

examine their interactions and compared it with results from heparin binding [34]. Our

calculations reveal that PSS can bind to bFGF with a binding free energy of −5 kcal/mol,
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similar to that of heparin [34]. Figure 8 shows the most favorable docked configuration of

PSS on bFGF and highlights the key residues involved in the binding. The binding results

primarily from cooperative salt bridges, hydrogen bonds, and electrostatic interactions

between the acidic groups of PSS (SO3-) and basic residues of bFGF (K27, K120, R121,

K126, K130, and K136). By comparing the docked configuration of PSS with that of

heparin obtained from the heparin-bFGF complex crystal structure [20], we observe that the

same bFGF surface involved in heparin binding is also involved in the binding of PSS.

However, we note that PSS binding has a stronger van der Waals component compared to

heparin, though both bindings are dominated by electrostatic interactions.

To further demonstrate that the PSS-bFGF binding is dominated by electrostatic

interactions, we have computed the electrostatic potential map of heparin, PSS, and bFGF

under physiological salt concentrations (Figure 9). The atomic coordinates for PSS for these

calculations were taken from the most favorable docked configuration and those for heparin

and bFGF were taken from their X-ray crystallographic structures [27]. bFGF exhibits a

strong positively charged pocket that is involved in PSS and heparin binding, and both

heparin and PSS exhibit a strong negative charge. We have also utilized these electrostatic

calculations to roughly determine contribution to binding from solvation and Coulombic

forces. In fact, PSS binding exhibited a more favorable solvation plus Coulombic

contribution (−20 kcal/mol) compared to heparin binding (−16.7 kcal/mol).

Taken together, our results suggest that cost-effective synthetic heparin mimics like PSS,

which bind in an analogous manner to bFGF as heparin, can promote myogenic

differentiation of muscle progenitor cells through down-regulating the ERK pathway.

Therefore, PSS would be an ideal alternative to heparin for modulating activities of heparin

binding growth factors such as bFGF, especially given the recent observations of

contaminants and batch-to-batch variations in heparin [18].
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Figure 1. 1H (a) and 13C (b) NMR spectra of PSS in D2O
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Figure 2.
Dose dependent effect of soluble heparin (hep) on myogenic differentiation of C2C12 cells:

MyHC immunofluorescent staining of C2C12 cultured with different concentrations of

heparin in growth medium (top row) and differentiating medium (bottom row). Higher

number of MyHC positive cells indicating differentiated cells, was observed in cultures

containing higher heparin concentrations, while culture medium containing lower heparin

concentration promoted multi-nucleated myotube formation. (Scale bar: 100μm)
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Figure 3.
Dose dependent effect of PSS on myogenic differentiation of C2C12 cells: MyHC

immunofluorescent staining of C2C12 cultured with different concentrations of PSS in

growth medium (top row) and differentiating medium (bottom row). Similar to heparin

containing culture, higher PSS concentration resulted in higher number of MyHC positive

cells while culture medium containing lower PSS concentration promoted multi-nucleated

myotube formation. (Scale bar: 100μm)
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Figure 4.
Differentiation indices (a-d) of C2C12 cells at different concentrations of heparin (a,b) and

PSS (c,d) (a,c-in GM; b,d-in DM); Statistical significance is shown as * for p<0.05, ** for

p<0.01 and *** for p<0.001
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Figure 5.
Fusion indices (a-d) of C2C12 cells at different concentrations of heparin (a,b) and PSS (c,d)

(a,c-in GM; b,d-in DM); Statistical significance: * for p<0.05, ** for p<0.01 and *** for

p<0.001
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Figure 6.
Effect of PSS on ERK signaling of C2C12 cells cultured in GM (a) and DM (b); Statistical

significance is shown as * for p<0.05 and *** for p<0.001
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Figure 7.
Interaction of bFGF with heparin and PSS as characterized by native PAGE. 3μg of bFGF

was incubated with varying amount of PSS or heparin for 20minutes at room temperature

before loading on the gel.
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Figure 8. Front and side views of the most favorable docked configuration of PSS on bFGF,
illustrating salt bridges and hydrogen bonding interactions (green dashed lines) between the PSS
and bFGF residues
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Figure 9.
Electrostatic potential maps (in units of kT/e) for bFGF (A), PSS (B), and heparin (C) at

their respective solvent accessible surfaces, computed using APBS; (D) The docked

configuration of PSS decamer, shown in atomic detail, on the bFGF surface.
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