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Myotonic dystrophy 1 (DM1) is a common form of muscular dystrophy. Although several animal models have been established for DM1, myoblast
cell models are still important because they offer an efficient cellular alternative for studying cellular and molecular events. Though C2C12
myoblast cells have been widely used to study myogenesis, resistance to gene transfection, or viral transduction, hinders research in C2C12
cells. Here, we describe an optimized protocol that includes daily maintenance, transfection and transduction procedures to introduce genes into
C2C12 myoblasts and the induction of myocyte differentiation. Collectively, these procedures enable best transfection/transduction efficiencies,
as well as consistent differentiation outcomes. The protocol described in establishing DM1 myoblast cell models would benefit the study of
myotonic dystrophy, as well as other muscular diseases.

Video Link

The video component of this article can be found at http://www.jove.com/video/54078/

Introduction

Myotonic dystrophy (DM) is an autosomal dominant disease that affects multiple systems, most notably cardiac and skeletal muscles’. There
are two subtypes of this disease, DM1 and DM2. DM1 is more common and has a more severe manifestation than DM2Z. The genetic mutation
underlying DM1 is an expansion of CUG triplet repeats located in the 3' untranslated region (UTR) of DM protein kinase gene (DMPK)3. The
CUG repeat number in unaffected individuals varies from 5 to 37. In contrast, it increases to more than 50, and sometimes up to thousands in
DMA1 patients4. As a result, RNA-binding proteins, such as muscleblind-like 1 (MBNL1), CUGBP, and Elav-like family 1 (Celf1), are misregulated.
Due to the sequestration on the expanded CUG repeats, MBNL1 loses its ability to regulate alternative splicingS. Celf1, on the other hand, is up-
regulated6'7. Overexpression of Celf1 is associated with muscle loss and weakness, which are not attributed to loss of MBNL1 function. Animal
models simulating DM1-related alterations, including DMPK 3'-UTR CUG expansion, loss of MBNL1, and overexpression of Celf1, have been
established. However, modeling DM1 in myoblasts offers an efficient alternative, especially for dissecting DM1-related cellular and molecular
events.

C2C12 myoblast cell line was first isolated from injured C3H mouse muscle and widely used to study myogenic differentiation®®. C2C12
cells rapidly proliferate in fetal bovine serum (FBS)-containing media and readily undergo differentiation when FBS is depleted. Yet, using
this myoblast differentiation model presents two challenges: C2C12 cells are often resistant to gene transfection/viral transduction; and slight
variations in cell handling and differentiation procedure can lead to marked changes in myotube formation.

Our lab routinely uses C2C12 myoblasts as a cell model and has developed protocols that effectively deliver genes by plasmid transfection,

retroviral transduction, and lentiviral transduction into C2C12 cell line'. In the video, we demonstrate the optimized procedures for transfecting/
transducing C2C12 cells and maintaining differentiation consistency in establishing DM1 myoblast models.

Protocol

1. C2C12 Cell Culture

1. Maintain C2C12 mouse myoblasts in a 100 mm plate in growth medium (Dulbecco's modified Eagle's medium (DMEM)) supplemented
with 20% fetal bovine serum, 100 U/ml penicillin, 100 pg/ml streptomycin, and 2 mM L-glutamine. Allow C2C12 passaged cells to become
approximately 50 - 60% confluent.
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2. Discard the growth medium and wash C2C12 cells with 3 ml room temperature phosphate-buffered saline (PBS). Remove the PBS and add
500 pl 0.25% Trypsin-EDTA to detach the cells. Place the plate in a 37 °C, 5% CO, incubator for 3 - 5 min.

3. Neutralize the trypsin by adding 3 ml growth medium. Pipette 6 - 8 times to suspend the cells. Add 1 ml of suspended cell to a new 100 mm
plate and incubate at 37 °C, 5% CO,.

2. C2C12 Cell Transfection/transduction and Selection

1. C2C12 plasmid transfection

1.

2.
3.

6.

7.

24 hr prior to transfection, plate 7.0 x 10° C2C12 cells into one well of a six-well plate for each transfection.

Note: This leads to 50 - 60% confluence by the time of transfection.

Allow the transfection reagent to come to room temperature prior to use.

Add 2 ug of plasmid DNA (GFP-CUG5 or GFP-CUG200) into 200 pl pre-warmed serum free medium and vortex briefly. Add 6

ul transfection reagent to the medium and mix immediately for 30 sec using a vortex. Incubate the mixture for 30 min at room
temperature.

Change the media of C2C12 cells to 2.5 ml serum-free growth media. Add the transfection mixture to the cells after incubation. Return
the plates to a 5% CO,, 37 °C incubator.

Keep the cells in transfection mixture/serum-free growth media for 4 hr or up to overnight. Change media back to the growth media the
next day or when cytotoxicity is apparent.

Note: Cytotoxicity is assessed by microscopic inspection of the cells. Observe the changes in cell morphology and cell detachment. As
long as there is no overt cytotoxicity, overnight incubation in serum-free growth media enhances transfection.

Select the cells 48 hr after transfection by adding 1.2 - 1.6 mg/ml G418 for ~ 10 days until the control culture (transfected without the
plasmids) does not have live cells. Change the media every two days with growth media supplemented with G418.

Maintain the G418 resistant cells in growth medium and 5% CO,, at 37 °C for subsequent experiments.

2. Retrovirus preparation and C2C12 retroviral transduction

1.

10.
11.

Prepare HEK 293 culture medium by supplementing DMEM high glucose with 10% fetal bovine serum, 100 U/ml penicillin, 100 pg/ml
streptomycin, and 2 mM L-glutamine.
1. Approximately 24 hr prior to transfection, plate 4.0 x 10° ecotropic HEK 293-based packaging cells in a 100 mm plate (80%
confluence at transfection) containing cell culture medium.

Allow the transfection reagent to come to room temperature prior to use.
Mix 15 pg plasmid DNA (pMSCV-Puro or pMSCV-Celf1Flag-Puro) in 1 ml serum-free growth medium. Vortex briefly. Add 30 pl
transfection reagent from step 2.2.2 into the DNA/serum-free growth medium tube, and mix well using vortex. Incubate the mixture at
room temperature for 30 min.
Add transfection mixture dropwise to the ecotropic HEK 293-based packaging cells. Gently swirl the plates and return them back to the
5% CO,, 37 °C incubator. After 24 hr, change the media to 10 ml pre-warmed fresh growth medium.
Harvest the supernatant (containing retrovirus) 48 hr after transfection using a pipette and transfer the supernatant into a 50 ml
centrifuge tube. Add 10 ml of new warm media to the plate and return it to the incubator. Keep the supernatant at 4 °C.
Note: The media is added gently to the side of the well so as not to disrupt the cell monolayer.
Harvest the second batch of supernatant 60 hr after transfection and pool it with the supernatant from 2.2.5. Centrifuge at 500 x g, 4 °C
for 7 min to remove cellular debris.
Transfer the supernatant into a new 50 ml centrifuge tube. Use retrovirus to transduce C2C12 cells at this point by proceeding to step
2.2.9 or aliquot and store the supernatant at -20 °C for future use.
Thaw the retrovirus from 2.2.7 at room temperature, if a frozen stock is used here.
Note: Avoid multiple freeze-thaw cycles.
Plate C2C12 cells on the same day of transduction aiming for 30 - 40% of confluence.

1. Discard the growth medium and wash C2C12 cells with 3 ml room temperature PBS. Remove the PBS, add 500 pl 0.25%

Trypsin-EDTA, and incubate the plate in a 37 °C, 5% CO, incubator for 3 - 5 min.
2. Neutralize the trypsin by adding 3 ml growth medium. Pipette 6 - 8 times to suspend the cells. Count cells using a
hemocytometer and add 8.0 x 10° C2C12 cells to a 60 mm plate.

Add 0.5 ml retrovirus to infect one 60 mm plate of cells in 3 ml growth media. Return the plate to the incubator.
Replace with 3 ml fresh media supplemented with selection antibiotic (puromycin 1 - 3 pg/ml) 48 hr after infection. Replace 3 ml
medium with antibiotic every day for ~ 5 days until the untransduced C2C12 control culture dies out.

3. Lentivirus preparation and C2C12 lentiviral transduction

Note:

Perform all the lentivirus-related procedures in Biosafety Level 2 cabinet and follow biological safety guidelines. Liquid waste containing

the virus must be disinfected prior to disposal.

1.

Plate 4.0 x 10° 293T cells in a 100 mm plate (~ 80% confluence at day of transfection) with HEK 293 cell culture medium (DMEM high
glucose, supplemented with 10% fetal bovine serum, 100 U/ml penicillin, 100 pg/ml streptomycin, and 2 mM L-glutamine) 24 hr before
transfection.

Warm the transfection reagent to room temperature. Mix the lentiviral packaging vectors (4 uyg pMD2.G and 6 pg psPAX2) together with
8 ug lentiviral transfer vector (Celf1 shRNA or scrambled control shRNA) in 1 ml serum free cell culture medium. Vortex briefly.

Add 36 ul pre-warmed transfection reagent to the DNA/DMEM tube and mix well by vortex. Incubate the mixture at room temperature
for 30 min.

Remove the 293T cells from the incubator and add the transfection mixture to the plate. Gently swirl the plate and return it back to 5%
CO,, 37 °C incubator. After 24 hr, replace the transfection mixture with 10 ml fresh culture medium.

Collect the supernatant containing lentivirus 48 hr after transfection and transfer it into a 50 ml centrifuge tube. Add 10 ml new warm
media to the plate and return it to incubator. Store the supernatant at 4 °C.
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6. Collect the second batch of supernatant 60 hr after transfection and combine it with the supernatant from 2.3.5. Centrifuge briefly at
500 x g, 4 °C for 7 min.

7. Transfer the supernatant into a fresh 50 ml centrifuge tube. If using fresh virus, proceed to step 2.3.9. For future use, store virus-
containing supernatant at -20 °C in aliquots of 10 ml.

8. Thaw the virus from 2.3.7 at room temperature before use, if a frozen stock is used.

Note: Avoid multiple freeze-thaw cycles.

9. Plate C2C12-CUG200 cells (obtained in Section 2.1) as described in 2.2.9 on the same day of transduction.
Note: Aim for 30 - 40% of confluence.

10. Add 0.5 ml virus to infect a 60 mm plate of C2C12-CUG200 and return the plate to the incubator.

11. Replace the culture medium with fresh media supplemented with the selection antibiotic (puromycin 1 - 3 pg/ml) 72 hr after
transduction. Refresh culture media everyday with the selection antibiotic for ~5 days until all untransduced C2C12-CUG200 control
culture dies out.

12. Use Western blot to verify Celf1 knockdown in GFP-CUG200 transfected cells.

3. C2C12 Cell Differentiation

1. Plate 2 x 10° cells in one well of a 6-well plate in 2.5 ml growth media 24 hr before initiation of differentiation.
Note: The plating density may be adjusted so that full confluence is reached in 24 hr.

1. Rinse confluent cells with PBS and add 2.5 ml of low-serum differentiation medium (Dulbecco's modified Eagle's medium
supplemented with 2% equine serum, 100 U/ml penicillin, 100 pg/ml streptomycin, 2 mM L-glutamine, and 1 uM insulin). Replace the
medium every two days.

Note: Keep stock insulin frozen and add it to the media at each medium change.

2. During C2C12 differentiation, collect samples for quantitative RT-PCR (see section 4) at the following time points: DayO0, 1, 2, 4, and 6.
Process the culture for immunostaining at day 6 - 8 (see section 5).

4. RNA Isolation and Quantitative RT-PCR

1. Use the manufacturer's protocol for RNA isolation. After isolation, resuspend the RNA pellet in 30 ul RNase-free water and pipet up and down
several times.
Note: The samples may proceed to Quantitative RT-PCR or can be stored at -80 °C.

2. Use a RT gPCR kit for Quantitative RT-PCR' and follow the manufacturer's instruction. Prepare the reaction mix according to Table 1.

Component Volume (ul) Final Concentration
2x reaction buffer 10 1x

Forward primer 0.5 200 nM

Reverse primer 0.5 200 nM

Probe 0.5 200 nM

Reverse Transcriptase & RNase Inhibitor 0.1 0.25 U/ml

Template 1 100 ng total RNA
RNase free water 7.4 NA

Total Mix 20

Table 1. Quantitative RT-PCR Master Mix Preparation

3. Run a 20 pl RT-gPCR reaction using thermal profile Table 2.

Reverse transcription step 30 min, 48 °C

DNA polymerase activation/Reverse Transcriptase inactivation 10 min, 95 °C

40 Cycles 15 sec, 95 °C
1 min, 60 °C

Table 2. Quantitative RT-PCR thermal profile

5. Immunostaining

Fix the monolayer culture in 2.5 ml freshly prepared 4% paraformaldehyde/PBS at room temperature for 10 min.

. Permeabilize the samples in 2.5 ml 0.1% Triton X-100/PBS for 30 min at room temperature.

3. Transfer the samples to a humidified chamber. Block the samples in 2.5 ml blocking buffer (0.1% nonionic surfactant/PBS, 10% normal goat
serum) for 30 min at 37 °C.

4. Discard blocking buffer and apply 800 pl primary antibody against Myosin Heavy Chain diluted in blocking buffer (1:100). Incubate in a

humidified chamber overnight at room temperature.

N =
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Wash the plate 3 times (10 min each) with 2.5 ml wash buffer (0.1% polysorbate 20/PBS) on day 2.

Remove the wash buffer and apply 800 ul secondary antibody (goat anti-mouse IgG, 1:500 diluted in PBS). Incubate in a humidified chamber
at room temperature for 1 hr.

Wash two times (10 min each) with 2.5 ml wash buffer.

Incubate with 800 pl DAPI (1 pg/ml, diluted in distilled deionized H,0) for 5 min.

Wash with 2.5 ml wash buffer again for 10 min.

O Change the washing buffer to 2.5 ml PBS and use a fluorescent microscope to capture images.

Representative Results

C2C12 cells were transfected with GFP-CUG5 or GFP-CUG200. After drug-resistance selection, stable pools were established, which

can be V|suaI|zed by GFP expression (Figure 1A). Myotube formation in the differentiated myoblasts was detected by myosin heavy chain
|mmunosta|n|ng (Flgure 1B). The quantification of myotube formation demonstrated that fusion indices were decreased from 35.4 + 4.1% to

2.6 + 1.1% and myotube areas were decreased from 35.6 + 2.2% to 2.7 + 0.8% by abnormal CUG expansion in GFP-CUG200 (Figure 1C).

The fusion index and the myotube area were counted via the total number of nuclei in myotubes (> 2 nuclei) divided by the total number of nuclei
and the percentage of the total image area covered by myotubes, respectively. Real-time RT-PCR" was conducted to analyze expression for a
number of muscle differentiation related genes including MyoD, MyoG, Mef2c and Celf1. Compared to CUG5 cultures, CUG200 increased the
expression of Celf1 mRNA in proliferating myoblasts at the beginning of differentiation. Congruent with previous reports, Celf1 upregulation was
associated with CUG-expansion in myogenic dystrophy 1 (Figure 1D). Further, Western blottlng consnstently showed Celf1 protein level was
elevated (Figure 1E), and CUG200 inhibited the expression of MyoD, MyoG and Mef2c during differentiation (Figure 1D). These results suggest
that the CUG-expansion leads to myotube defects and impaired myoblast differentiation.

oo

—“09".“

To study the role of Celf1 in myoblast differentiation, pMSCV- Celf1Flag retroviral vector was constructed to transduce C2C12 cells."® Puromycin-
resistant clones were pooled for differentiation studies. Western blot results showed that the Flag-tagged Celf1 was only present in the
pMSCV-Celf1Flag transduced cultures and the expression of Celf1 protein was upregulated (Figure 2A). The formation of myotubes in Celf1-
overexpressing cells is rare when compared to the control cultures (Figure 2B), which suggests that the overexpression of Celf1 severely
impairs myoblast differentiation.

To determine if Celf1 knockdown rescues the differentiation deficiency in CUG-expansion cells, Celf1 shRNA was delivered to GFP-CUG200
cells by lentiviral vectors. Double resistant clones (G418 and puromycin) were selected and pooled for differentiation studies. The level of
endogenous Celf1 protein was markedly reduced in the presence of Celf1 shRNA (Figure 3A). After 6 days of differentiation, the effect of Celf1
shRNA on increasing myotube formation was evident (Figure 3B). Fusion indices and myotube areas were 16.1 + 3.0% and 15.2 + 1.2%,
respectively, compared to 4.6 + 0.8% and 5.1 + 1.3% in control cultures (Figure 3C). Meanwhile, real-time RT-PCR results suggest that the
expression of MyoD, MyoG and Mef2c was significantly increased in Celf1 shRNA cells (Figure 3D) supporting Celf1 knockdown rescued
myocyte differentiation deficiency.
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Figure 1. CUG-Expansion Inhibits Myocyte Differentiation in C2C12 Cells. (A) C2C12 cells expressed GFP-CUG5 or GFP-CUG200
ubiquitously after selection. Scale bars are 100 ym. This figure has been modified from our previous paperm. (B) Myotubes were formed in GFP-
CUGS5 cells but less in GFP-CUG200 cells. Myotubes were visualized by myosin heavy chain (MF-20) immunostaining. Scale bars are 100 ym.
(C) GFP-CUG200 cultures significantly reduced fusion index and myotube areas. The error bars represent standard deviations. (D) Real-time
RT-PCR analysis of Celf1, transcription factors MyoD, MyoG, and Mef2c expression during myoblast differentiation. mRNA levels were plotted
after the GAPDH normalized. The error bars represent standard deviations. Student's T test was performed to compare the tests to controls. n >

3, *P < 0.05. (E) GFP-CUG200 transfection increased Celf1 protein expression. 3-actin is shown as the loading control. Please click here to view
a larger version of this figure.
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Figure 2. Overexpression of Celf1 Impairs Myoblast Differentiation. (A) Proof of exogenous Celf1Flag expression in C2C12 cells by Western
blot. (B) Myotube formation was impaired in Celf1Flag-overexpressing C2C12 myoblasts. Myotubes were visualized by MF-20 immunostaining.

Scale bars are 100 ym. Please click here to view a larger version of this figure.
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Figure 3. Knockdown of Celf1 Partlally Rescues CUG-| Expansmn Induced Myoblast Differentiation Deficiency. (A) Proof of Celf1
knockdown by Western blot. (B) Celf1 shRNA induced myotube formation in GFP-CUG200 myoblasts. Myotubes were visualized by MF-20
immunostaining. Scale bars are 100 pm. (C) Celf1 shRNA-rescued cells that had increased fusion index and myotube areas. The error bars
represent standard deviations. (D) Real-time RT-PCR analysis of Celf1, transcription factors MyoD, MyoG, and Mef2c expression during
differentiation. mMRNA level was plotted after normalizing to that of GAPDH. The error bars represent standard deviations. Student's T test was
performed to compare the tests to control. n > 3, *P < 0.05. Please click here to view a larger version of this figure.
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C2C12 cell line has been used as a model to study myogenesis . These cells retain a flbroblast like look, proliferate rapidly in media
containing 20% fetal bovine serum and readily differentiate in media containing 2% equine serum'®. The fast growth and differentiation are
advantageous characteristics in a myogenesis cell model. Here, we demonstrate the use of plasmid, retroviral, and lentiviral vectors to introduce
cDNA, 3'-UTR, and shRNA into C2C12 cells. The critical points for transfection/transduction and maintenance of consistency in differentiation are
highlighted below.
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The cell density in daily cell maintenance is critical. These cells need to be cultured below 50 - 70% confluence. Due to the short population
doubling time, high confluence (> 70%) C2C12 culture spontaneously differentiates when left overnight. While the fraction of spontaneously
differentiated cells may be small, the presence of differentiated cells will contribute to inconsistencies in subsequent differentiation experiments.
Additionally, freshly thawed C2C12 cells that have low passage number are preferred. For differentiation, cells are plated at pre-determined
numbers so that they reach full confluence after 24 hr. Insulin is kept frozen in small aliquots and is added each time the differentiation medium is
changed. These measures improve differentiation outcomes.

Serum free medium enhances C2C12 cell transfection. The cells can be incubated in transfection mixture/serum free media overnight. In our
lab, we achieve up to 20% transfection rate, accompanied by slight signs of cytotoxicity. The concentration of drug used to select C2C12 cell is
higher, 1.2 to 1.6 mg/ml G418 or 1 to 3 pg/ml puromycin, and the duration of the selection is longer than most other cell lines. Due to potential
toxicity under high drug concentration and the extended incubation period, lot-to-lot variation in differentiation potential may arise. It is crucial to
adjust the selection scheme (concentration and duration) based on cell appearance and to treat the experiment and control groups together.

We have successfully introduced GFP-CUG200 into C2C12 cells that reproduce 3'-UTR CUG expansion in DM1. Introducing Celf1 into

C2C12 cells and Celf1 shRNA into GFP-CUG200 C2C12 cells has allowed the evaluation of cellular and molecular events triggered by Celf1
upregulation and exploration of targeting Celf1 to help DM1 myoblast differentiation, respectively. In summary, the C2C12 myoblast model
presented here benefits the investigation of myotonic dystrophy as well as general muscle cell biology and myogenic differentiation. The
limitation of this model is that the findings in cell lines may not completely extend to organisms. The findings in the current models are often
advanced to isolating fresh myoblasts from animals and studying their differentiation. Ultimately we substantiate myoblast findings in organisms.

The unique strength of this study is the multi-tier gene manipulation in C2C12 myoblasts, which enables modeling the sequential genetic/
pathological events in DM1. Previously, the RNA toxicity effect of DMPK CUG expansion was documented in myoblasts”'”, while the
pathological roles of Celf1 were separately studied in mouse models'®"”. Modeling these sequential genetic/pathological events is technically
challenging and time consuming if performed in animal models. As demonstrated in this study, the combined use of fluorescent and drug
resistant markers allows the modeling of additional molecular events in myotonic dystrophy. The models established in this study would be useful
in dissecting the detailed mechanisms in DM1 pathogenesis. They would also be valuable in screening for drugs that target different steps of
DM1 pathogenesis. The strategies and procedures of this study may shed light on establishing other muscular disease models in myoblasts.
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