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Abstract

Background: Skeletal muscle contributes to roughly 40% of lean body mass, and its loss contributes to morbidity
and mortality in a variety of pathogenic conditions. Significant insights into muscle function have been made using
cultured cells, in particular, the C2C12 myoblast line. However, differentiation of these cells in vitro typically yields
immature myotubes relative to skeletal muscles in vivo. While many efforts have attempted to improve the
maturity of cultured myotubes, including the use of bioengineered substrates, lack of molecular characterization has
precluded their widespread implementation. This study characterizes morphological, molecular, and transcriptional
features of C2C12 myotubes cultured on crosslinked, micropatterned gelatin substrates fabricated using previously
established methods and compares them to myotubes grown on unpatterned gelatin or traditional plasticware.

Methods: We used immunocytochemistry, SDS-PAGE, and RNAseq to characterize C2C12 myotubes grown on
micropatterned gelatin hydrogels, unpatterned gelatin hydrogels, and typical cell culture substrates (i.e., plastic or
collagen-coated glass) across a differentiation time course. The ability to form aligned sarcomeres and myofilament
protein concentration was assessed. Additionally, the transcriptome was analyzed across the differentiation time course.

Results: C2C12 myotubes grown on micropatterned gelatin hydrogels display an increased ability to form aligned
sarcomeres as well as increased contractile protein content relative to myotubes cultured on unpatterned gelatin and
plastic. Additionally, genes related to sarcomere formation and in vivo muscle maturation are upregulated in myotubes
grown on micropatterned gelatin hydrogels relative to control myotubes.

Conclusions: Our results suggest that growing C2C12 myotubes on micropatterned gelatin hydrogels accelerates
sarcomere formation and yields a more fully matured myotube culture. Thus, the use of micropatterned hydrogels is
a viable and simple approach to better model skeletal muscle biology in vitro.
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Background

Skeletal muscle accounts for approximately 40% of body
mass and is essential for both locomotion and whole
body metabolism [1, 2]. Loss of skeletal muscle mass
during aging and pathogenesis is a known contributor to

morbidity and mortality, thus a large contingent of
research aims to prolong health by maintaining muscle
quality [3-7]. While there is no replacement for studies
of muscle in vivo, muscle cell culture models allow for
more rapid and facile manipulation to address mechanis-
tic questions and perform drug screening experiments.
Thus, there is a need for in vitro models of skeletal
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muscle that mimic the in vivo tissue.

The C2 myoblast was developed in 1977 as a control
cell line to study muscular dystrophies in vitro [8]. Since
then, the C2C12 subclone has become widely used in
the skeletal muscle field as a cell culture model [9-12].
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When exposed to low-serum differentiation media, these
cells differentiate and fuse into a multinucleated syn-
cytium referred to as a myotube. C2C12 myotubes express
contractile proteins and, when left to differentiate for an
extended period of time, can spontaneously contract.
These properties make C2C12 cells an invaluable tool for
understanding the molecular biology of muscle develop-
ment. However, these cells do not perfectly mimic in vivo
muscle fibers. The contractile proteins present in these
cells are typically disorganized and rarely form aligned
sarcomeres, and the biological pathways studied are often
unrepresentative of mature muscle [13, 14]. Thus, there is
a need to develop a culture system that allows further
maturation of myotubes in order to more accurately
model in vivo skeletal muscle biology.

Historically, C2C12 myoblasts have been cultured on
uncoated cell culture dishes until they near confluence.
At this stage, myoblasts are serum withdrawn to induce
differentiation and fuse into multinucleated, post-mitotic
myotubes [11]. Over the next several days, myotubes
develop similarly to embryonic skeletal muscle, but often
detach from the cell culture dish after approximately 7
to 10days due to spontaneous contraction [15, 16].
Because detachment of myotubes leads to cell death and
presents obvious challenges for subsequent study, cul-
tured myotubes are generally unsuitable for long-term
studies. This problem has been addressed by coating cell
culture dishes with substrates such as collagen, gelatin,
and Matrigel™ (Corning) that allow enhanced adhesion
and/or modulate the stiffness of the surface such that
detachment is delayed, but prolonged culture of myo-
tubes on these substrates is still not possible [17, 18]. To
address these shortcomings, biomedical engineers have
developed methods that permit culture of more mature
myotubes in vitro, including bioengineered substrates,
3D culture systems, and paradigms that include elec-
trical stimulation or mechanical stretching [19-25].
Though some methods have been successful, the result-
ant myotubes have not been sufficiently characterized,
particularly at the molecular level. Additionally, tech-
nical challenges preclude the implementation of many of
these methods in basic biology laboratories. For these
reasons, many skeletal muscle labs continue to use
suboptimal culture substrates for C2C12 studies.

We set out to characterize molecular and cell biological
features of C2C12 myotubes grown using a bioengineered
substrate in an effort to provide the skeletal muscle
community an easy to use resource for developing more
mature myotubes. After a literature review, we chose to
use the micropatterned gelatin hydrogel system developed
by Bettadapur et al. (2016) due to its ease of implemen-
tation in the setting of a basic biology lab, as well as their
reports of morphologically advanced and prolonged
cultures [26]. Through studying sarcomere morphology,
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protein expression, and transcriptomics, we found that
micropatterned gelatin hydrogels accelerate and advance
myogenic maturation and sarcomere formation in C2C12
myotubes when compared to traditional culture methods.
This study provides the morphological and molecular
information that can be used by investigators to determine
whether the benefits of micropatterned culture justify
their implementation. In our opinion, the patterning
approach used here is cheap, facile, and easily adaptable
by most skeletal muscle biology laboratories using C2C12
myotubes as an in vitro model.

Methods

Fabrication of PDMS stamps and gelatin hydrogels

PDMS stamps and gelatin hydrogels were fabricated
according to the protocol by Bettadapur et al. (2016) [26].
Briefly, silicon wafer templates were made through the
University of Florida Nanoscale Research Facility such that
the photomask consisted of 10 um lanes by 10 pm gaps
(10 x10) as 10um is roughly the width of a cell. The
design file used to produce the photomask is included in
Additional file 1. Elastomer base and curing agent from
the Sylgard 184 silicone elastomer kit (Dow Corning) were
mixed at a 10:1 ratio then poured over the wafer template,
degassed, and cured in an oven at 65°C for 4 h. PDMS
stamps were then removed from the wafer and cut to fit
on 22 mm x 22 mm glass coverslips.

Ten percent weight/volume gelatin was prepared with
Bloom type A porcine gelatin (Sigma, St. Louis, MO) with
autoclaved water and dissolved at 65°C. Ten percent
gelatin solution was added dropwise onto cell culture
dishes. Sterilized 10x 10 micropatterned or flat (ie.,
unpatterned) PDMS stamps were then pressed onto the
gelatin solution and incubated overnight at room
temperature. With the stamp still in place, the gelatin was
rehydrated with PBS for at least 3h. PDMS stamps were
then carefully removed from the gelatin, and the hydrogel
was then incubated in a 10% w/v microbial transglutami-
nase solution dissolved in autoclaved water for 4 h at
room temperature. Plates were washed with PBS and UV
sterilized prior to use.

Cell culture

The mouse myogenic C2C12 cell line was obtained from
ATCC and cells were used up until passage number 8.
Myoblasts were maintained on plastic cell culture dishes in
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum and 1% penicillin-
streptomycin in a humidified incubator kept at 37 °C and
5% CO,. When cells reached 70% confluency, they were
separated and plated on micropatterned gelatin hydrogels,
unpatterned gelatin hydrogels, or on a fresh plastic cell cul-
ture dish at 1.5 x 10° cells per 35 mm dish. Once confluent,
cells were serum restricted with differentiation medium
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(DMEM, 2% horse serum, 1% penicillin-streptomycin) and
left to differentiate for either 4 or 7 days. Growth or dif-
ferentiation medium was replenished daily.

Skeletal muscle primary myoblasts were isolated as
previously described [27, 28]. Hindlimb muscles from 3
8-week-old C57/Bl6] mice were collected and minced in
Ham’s F-10 supplemented with 10% fetal bovine serum
and 1% penicillin-streptomycin. Minced tissues were then
incubated in 800 U/ml type II collagenase (Worthington)
at 37°C for 1 h with gentle agitation. Samples were then
triturated with a 20 G needle, centrifuged, and re-
suspended in wash medium. Cell suspensions were filtered
and resuspended in Ham’s F-10 supplemented with 20%
fetal bovine serum, 1% penicillin-streptomycin, and
2.5ng/ml basic fibroblast growth factor. Resuspended
cells were pre-plated for 30 min in an uncoated dish,
then unattached cells were transferred to ECM-coated
(ECM gel from Engelbreth-Holm-Swarm murine sarcoma,
Sigma) dishes. When cells reached 70% confluence, they
were trypsinized and plated on micropatterned gelatin
hydrogels. At this point, they were treated the same as
C2C12 cells.

Imaging

A plasmid containing an eGFP labeled «-actinin-2
(ACTN2-pEGEFP) was a gift from Johannes Hell (Addgene
plasmid #52669) [29]. The ACTN2-pEGFP gene fusion
was then inserted into a PiggyBac Transposon system
expression vector using standard molecular cloning tech-
niques to facilitate stable cell line generation by puro-
mycin selection (System Biosciences, Palo Alto, CA).
C2C12 myoblasts were co-transfected with the ACTN2-
pEGEP expression vector as well as a plasmid containing
the Super Piggybac Transposase (System Biosciences, Palo
Alto, CA). Following puromycin selection, cells were
separated using a flow cytometer to select for the low
expressing GEP cells to limit the effect of overexpressing
a-actinin-2 for our studies. Cells were maintained as
described above; however, to aid in microscopy, cells were
grown on micropatterned or unpatterned gelatin-coated
glass coverslips activated using 100 mM NaOH, 0.5%
(3-Aminopropyl) trimethoxysilane, and 0.5% glutaralde-
hyde as described in Bettadapur et al. (2016) prior to being
fixed with 2% paraformaldehyde. Cells were imaged using
the ZEISS LSM 880 confocal microscope in the GFP and
DAPI channels to visualize sarcomeric Z-lines and nuclei
respectively. Sarcomere lengths were measured using fast
Fourier transformations using the SarcOptiM plugin for
Image] [30]. Specifically, the line tool in Image] was used
to draw a line across 15 sarcomeres in series. SarcOptiM
then computed the FFT spectrum based on the gray level
profile along this line by looking for the peak in the
defined sarcomere length range (defined by us as 1.6 um
to 3.4 um). The number of myotubes forming sarcomeres
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was determined by counting the total number of myo-
tubes within an image and the number of these myotubes
that contained visually discernible sarcomeres. Live cell
imaging of myotube contraction (Additional file 5) was
performed using the ZEISS LSM 880 microscope outfitted
with a ZEISS live cell imaging chamber and CCD camera.
Imaging was performed at 37 degrees Celsius and 5%
CO2. EGFP a-actinin-2 C2C12 cell lines were diffe-
rentiated for 7 days on patterned gelatin substrates in
glass bottom cell culture dishes. Media was replaced with
Gibco FluoroBriteTMmedia supplemented with 2% horse
serum for imaging. Images were collected once per second
for 100s.

Determination of contractile protein content

Protein content of myosin heavy chain and actin were
calculated from total protein lysates isolated from
C2C12 myotubes grown on plastic dishes, unpatterned
gelatin hydrogels, and micropatterned gelatin hydrogels.
C2C12 cultures at days 4 and 7 of differentiation were
briefly exposed to 0.05% trypsin to enrich for myotubes
similar to the protocol used by Bi et al. (2017) [31].
Trypsin was deactivated with an excess of cell growth
medium (DMEM, 10% FBS, 1% P-S) then spun at 500xg
for 3min at 4°C. Pellets were washed with PBS then
dissolved by directly adding 150 ul extraction buffer
containing 2% SDS, 10% glycerol, 50 mm Tris base, 2%
2-mercaptoethanol, pH8.8 to cells grown in a 3.5cm
dish [32]. Protein concentration was measured using the
Bio-Rad DC protein assay (Hercules, CA), and samples
were diluted to 1 pg/ul with 4x Laemmli buffer before be-
ing boiled at 95 °C for 5 min. Equal amounts of total pro-
tein (5 pg) were loaded onto a 7.5% SDS-polyacrylamide
gel and separated by molecular weight (100 V for 100 min)
according to Baummann et al. (2016) [33]. Following elec-
trophoresis, gels were fixed in 50% methanol 7% glacial
acetic acid for 30 min then transferred into SYPRO Ruby
protein stain (Molecular Probes, Eugene, OR) overnight.
Stained gels were washed in 10% methanol, 7% glacial
acetic acid for 30 min then with water prior to imaging.
Protein gels were imaged using the Bio-Rad ChemiDoc
MP and densitometry was performed for myosin heavy
chain (~220kDa), actin (~42kDa), and total protein
within each lane of the gel with Image Lab software.

RNA preparation and RNAseq

C2C12 and primary myoblast cultures at days 4 and 7 of
differentiation were processed similarly to those described
above. Trypsin was deactivated with an excess of cell
growth medium (DMEM, 10% FBS, 1% P-S) then spun at
500xg for 3min at 4°C. Pellets were washed with PBS,
dissolved in Trizol, and frozen at — 80 °C until use. RNA
isolation was performed using the commercially available
Zymo RNA miniprep kit (Zymo Research, Irvine, CA).
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RNAseq libraries were prepared using the commercially
available NEBNext kit (New England Biolabs, Ipswitch,
MA). Libraries were quantitated using the Qubit system
(Invitrogen, Carlsbad, CA), and fragment size determined
using the Applied Biosystems Fragment Analyzer (Foster
City, CA). Libraries were pooled and loaded at 20 pM
onto an Illumina NextSeq 500 High Output v2 flow cell
(75 x 75) (Illumina, San Diego, CA), generating roughly
35 million paired-end reads per sample.

FastQ files were downloaded to the University of Florida
HiPerGator computing cluster. Differential gene expres-
sion analysis was performed using the programs Kallisto
and Sleuth [34, 35]. Gene ontology enrichment analysis
was performed using the online Panther GO enrichment
tool [36-38]. All downstream analysis was performed
using custom scripts in the R and Python languages.

Statistical analysis

A one-way ANOVA with Tukey’s multiple comparisons
was performed to determine significant relationships
between groups in IHC and contractile protein content
experiments. Statistical significance for these experi-
ments was set a priori at P <0.05 except for RNAseq
data where Q < 0.05 was considered significant. Data are
represented as mean + SEM. Data analyses and histo-
grams for IHC and contractile protein experiments were
conducted with Prism (GraphPad, La Jolla, CA), while
RNAseq experiments were analyzed and graphed using
custom Python and R scripts. Wilcoxon rank-sum tests
were performed to determine significant changes in
log,(fold change) distributions between various sets of
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genes in the transcriptomics analysis experiments. Data
analysis and statistical testing were performed in Python.

Results
Micropatterned C2C12 myotubes develop more
sarcomeres than those grown on other substrates
In this study, we compared C2C12 myotubes cultured on
three different substrates. The first was a micropatterned
gelatin hydrogel with 10 pm-wide grooves as previously
described (see “Methods” section) [26]. The second was
the same gelatin hydrogel but lacking grooves. The third
was either plastic (molecular experiments) or collagen-
coated glass (morphological experiments) to mimic the
predominant cell culture methods used by the skeletal
muscle research community. Cells were analyzed at day 4
of differentiation (D4) and day 7 of differentiation (D7)
(Fig. 1). Some analyses also used primary myoblasts from
C57Bl6/] gastrocnemius [27] as a reference, also differen-
tiated for 4 or 7 days on micropatterned gelatin hydrogels.
Because one defining property of skeletal muscle in
vivo is the presence of sarcomeres yet most C2C12 myo-
tube cultures do not yield robust sarcomeres, we
examined sarcomere formation in vitro. To facilitate
these studies, we generated a stable C2C12 cell line ex-
pressing eGFP-tagged a-actinin-2 (ACTN2). Cells were
FACS sorted to select low expressors, to mitigate poten-
tial unwanted effects of high a-actinin-2 overexpression.
Representative images of eGFP-ACTN2 C2C12 cells at
D7 on each substrate are shown (Fig. 2a—c, e). Primary
myotubes at D7 on patterned gelatin hydrogels served as
a reference (Fig. 2d, f). The proportion of myotubes

DO
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Myotubes ) Myotubes Hydrogels
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Fig. 1 Experimental timecourse of C2C12 and primary myotubes on micropatterned hydrogels, unpatterned hydrogels, or using traditional cell
culture. C2C12 cells or primary myoblasts were cultured on either micropatterned gelatin hydrogels, unpatterned gelatin hydrogels, or using
traditional models of cell culture (ie, collagen-coated glass coverslips or plastic cell culture dishes)
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Fig. 2 Sarcomere formation is accelerated in C2C12 myotubes grown on micropatterned gelatin hydrogels. Representative images of C2C12
myotubes 7 days post-differentiation grown on a collagen-coated glass coverslips, b unpatterned gelatin hydrogels, and ¢, e patterned gelatin
hydrogels, as well as d and f. primary myotubes grown on patterned gelatin hydrogels. Myotubes are labeled with GFP-sarcomeric-a-actinin
(green) and DAPI (blue). Images were analyzed by measuring sarcomere formation as defined by greater than 15 sarcomeres in series. g C2C12
myotubes and primary myotubes develop a greater number of sarcomeres in series when grown on micropatterned gelatin than on either
unpatterned gelatin or collagen-coated glass. f Sarcomere length is stable by day 4 post-differentiation in micropatterned C2C12 and primary
myotubes but continues to change in both collagen-coated glass and unpatterned gelatin conditions. f Images were visually assessed for the
approximate number of sarcomere forming myotubes. C2C12 myotubes grown on micropatterned gelatin hydrogels develop sarcomeres more
often, even when there are not enough sarcomeres in series to be included in other measurements. Primary myotubes grown on micropatterned
gelatin hydrogels develop significantly more sarcomeres than all other conditions. *P < 0.05. **P < 0.01. ***P < 0.001
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showing 15 or more sarcomeres in series, our cutoff for
measuring sarcomere length, was greater at D7 as com-
pared to D4 when cultured on gelatin. Interestingly, cells
differentiated on micropatterned gelatin showed greater
numbers of myotubes with contiguous sarcomeres as
compared to cells differentiated on unpatterned gelatin
and on collagen-coated glass (Fig. 2g). We also measured

the distance between Z-lines as a measure of sarcomere
length. We found that while average sarcomere length was
not significantly different between myotubes cultured on
each substrate, sarcomere length was stable over time
between D4 and D7 when grown on gelatin, in contrast to
sarcomere lengths from myotubes grown on collagen-
coated glass (Fig. 2h). The sarcomere lengths found in
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patterned C2C12 myotubes at both D4 and D7 exhibited
lengths consistent with the in vivo plateau of the length-
tension relationship (approximately 2.4 pm) [39].. Add-
itionally, we visually estimated the total number of myo-
tubes with aligned sarcomeres and found that patterned
C2C12s formed significantly more sarcomeres as com-
pared to myotubes cultured on other substrates at D4
(P <0.05; Fig. 2i). These results suggest that micropat-
terned gelatin hydrogels may promote structural matur-
ation of C2C12 myotubes.

Contractile protein content is increased in micropatterned
C2C12 myotubes

We observed that micropatterned myotubes seemed to
contract more frequently and uniformly than cells grown
on unpatterned gelatin or collagen-coated coverslips.
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Based on these observations and our sarcomere results,
we tested whether micropatterned C2C12 myotubes also
produced more contractile protein relative to myotubes
differentiated using other methods. We used SYPRO
Ruby to stain SDS-polyacrylamide gels loaded with equal
amounts of total protein (Fig. 3a). C2C12 myotubes were
differentiated on patterned and unpatterned gelatin and
compared to myotubes differentiated on plastic. Actin
protein content of the myotube culture was not signifi-
cantly different across any conditions (Fig. 3b). However,
we found that the micropatterned myotubes contained
significantly more myosin heavy chain and exhibited
significantly higher myosin heavy chain versus actin ratios
at D4 and D7 relative to the unpatterned control group
(Fig. 3c, d). These results demonstrate that micro-
patterned gelatin hydrogels promote increased contractile
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Fig. 3 Contractile protein content increases in C2C12 myotubes grown on micropatterned gelatin hydrogels compared to other culturing methods.

a. Representative SDS-PAGE gel separating total protein content of C2C12 myotubes at days 4 and 7 post-differentiation on plastic cell culture dishes,
unpatterned gelatin hydrogels (UP), and micropatterned gelatin hydrogels. b Myosin heavy chain content normalized to total protein loaded. ¢ Actin
compared to total protein loaded. d Myosin heavy chain to actin ratio. Sample size per group, n = 3 biological replicates. *P < 0.05, **P < 0.01,
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protein expression in C2C12 myotubes as compared to
other culturing methods. Given our previous observations
regarding increased numbers of sarcomeres, the additional
myosin heavy chain protein is likely organized into
contraction-capable sarcomeres.

Transcriptomics analysis reveals patterned hydrogel-
associated upregulation of sarcomere genes and genes
upregulated in vivo

To better understand the molecular basis of enhanced
sarcomere formation in gelatin-micropatterned C2C12s,
we performed RNAseq across the C2C12 differentiation
time course. We compared myotubes from two different
batches of C2C12 cells (both derived from ATCC stocks)
grown on patterned gelatin, unpatterned gelatin, and
plastic substrates at day O (myoblasts at confluency, just
prior to serum withdrawal), day 4, and day 7 (Fig. 4a).
Three separate cultures were prepared for each of the 15
conditions, yielding 45 RNAseq libraries in total (all
gene expression values are in Additional file 2). Many
genes were differentially regulated across time points
and growth substrates, but the greatest differences were
observed when comparing myotubes grown on plastic
versus either gelatin substrate. The number of genes dif-
ferentially regulated between patterned and unpatterned
myotubes was greatest at day 4 (hundreds of genes), and
fewer at day 7 (< 100 genes in either batch 1 or batch 2)
(Additional file 3). Genes regulated between patterned
versus unpatterned conditions were enriched in Gene
Ontology categories related to muscle development, and
genes regulated between gelatin versus plastic conditions
were enriched in categories related to mitochondrial
function and cellular respiration (Additional file 4).
Interestingly, although we found that specific genes
regulated in batch 1 time courses were often not the
same genes regulated in the batch 2 time courses,
enriched GO categories were remarkably consistent
between the two batches. In particular, the “sarcomere”
category was overrepresented in all comparisons (Fig. 4a),
and therefore we decided to more closely examine the
behavior of these 198 genes across each time course.
First, we plotted the cumulative distribution of the log,
fold change (LFC) between day 7 patterned versus
unpatterned samples for all genes and for genes in the
“sarcomere” category (Fig. 4b). We then computed the
difference in median LFC between those two groups,
defined as sLFC (sarcomere log fold change, Fig. 4b). In
this comparison, we observed that sarcomere-encoding
genes tend to be up-regulated relative to all other genes,
yielding an sLFC of ~ 0.1 (Fig. 4b, inset). We extended this
approach to all other comparisons of patterned, un-
patterned, and plastic myotubes, and observed that all
comparisons at days 4 and 7 exhibited significant right-
ward shifts in sSLFC (Wilcoxon rank-sum test), suggesting
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that patterned substrates broadly increase the expression
of sarcomere-encoding genes (Fig. 4c).

We then assessed whether C2C12 differentiation on
patterned hydrogels was more representative of in vivo
muscle development, relative to differentiation on un-
patterned gelatin or plastic substrates. We analyzed a
publicly available mouse muscle development RNAseq
time course [40], focusing on postnatal day 2 (P2) versus
embryonic day 18 (E18) to most closely reflect timing of
myoblast to myotube conversion. We identified 143
upregulated and 78 downregulated genes; among the up-
regulated genes, 87 were expressed in our C2C12 cells.
Similar to Fig. 4b, we plotted the cumulative distribution
of LFC between patterned and unpatterned conditions,
this time separating genes into “in vivo upregulated”
genes and all other genes (Fig. 4d). We computed the
difference in median LFC between those two groups,
defined as vLFC (in vivo log fold change), and observed
a significant rightward shift when analyzing patterned
versus unpatterned C2C12s at day 7 (Fig. 4d, inset).
Almost all other comparisons of patterned vs. unpat-
terned or plastic myotubes also showed a significant
rightward shift in vLFC (Wilcoxon rank-sum test), in-
dicating broad upregulation of in vivo upregulated genes
upon growth on patterned substrates (Fig. 4e). These
analyses suggest that myotube culture on patterned sub-
strates can drive gene expression towards profiles more
closely mimicking in vivo muscle development.

Similar to comparisons made in Fig. 2, we sought to
compare myotube formation in both C2C12 myoblasts
and primary myoblasts on patterned substrates. Here,
we plotted the cumulative distribution of LFC between
day 7 and day 0, and again separated genes into those
upregulated in vivo between E18 and P2 and all other
genes (Fig. 4f). We computed the vLEC, yielding ~ 1.4
for primary myotubes at day 7. We also computed simi-
lar vLFC values for all C2C12 samples and observed that
while all C2C12 samples showed significant rightward
shifts, the primary myotubes exhibited the largest shift
(Fig. 4g). These results indicate that relative to C2C12
myotubes, primary myotubes cultured on patterned sub-
strates exhibit gene expression changes most closely re-
sembling those occurring in vivo.

Discussion

In this study, we compared C2C12 myotube maturation
on micropatterned and unpatterned gelatin hydrogels to
cell culture methods commonly used in the skeletal
muscle field. Typically, C2C12 myotubes can be cul-
tured for only 1 week before they detach, and rarely
develop structural features characteristic of in vivo
muscle fibers [13-16]. By imaging sarcomeric struc-
ture, quantitating sarcomeric protein abundance, and
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Fig. 4 Global transcriptomic characterization of patterned and unpatterned myotubes by RNAseq. a Schematic describing samples used for RNAseq.
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were used for downstream analysis. b Cumulative distribution of the log, fold change (LFC) of all genes (black) and sarcomere genes (blue), where
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associated P value from the mean and standard deviation of the C2C12 myotubes

characterizing transcriptomes, we show that micropat- and rationale to implement better cell culturing methods
terned C2C12 myotubes exhibit accelerated maturation for modeling skeletal muscle in vitro [26]. Further studies
relative to unpatterned controls. Our results, combined  will be required to directly compare these in vitro models
with previous work in the literature, provide methodology  to in vivo mouse skeletal muscle.
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In vitro models reliably modeling in vivo skeletal
muscle have been limited due to the time required to
differentiate cells to a matured state and the inability to
culture myotubes for sufficiently long periods of time.
Recently, labs have developed models that prolong
C2C12 myotube viability upwards of 21days post-
differentiation [26, 41]. These methods have not been
widely adopted by muscle biology labs perhaps because
there are technical challenges such as implementing
engineering techniques in biology labs (e.g., cost and
specialized equipment) and because it is unclear whether
the degree to which cultures obtained with these
methods exhibit enhanced maturation at a molecular
and cellular level. In this study, we found that micro-
molded gelatin hydrogels provide a substrate that
improves myotube maturation based on morphological
and molecular indicators. These markers for advanced
maturation were seen as early as day 4 of differentiation,
suggesting that patterned myotubes not only reach a
more mature state but also exhibit accelerated matu-
ration kinetics. Micropatterned C2C12 myotubes increase
expression of genes related to sarcomere formation and
organization, categories enriched in adult skeletal muscle
relative to traditionally cultured C2C12 myotubes [13, 42].
Interestingly, while culturing two different batches of
C2C12s on patterns yielded only partially overlapping sets
of upregulated genes, both batches showed strong enrich-
ment for sarcomeric genes. This observation highlights
the inherent batch to batch variability of differentiated
C2C12 myotube cultures at the level of individual gene
expression, emphasizing the importance of biological rep-
licates as well as utility of transcriptomic analyses at the
network level.

There are a number of reasons why micropatterned
gelatin might facilitate accelerated and advanced myogenic
development of C2C12 myotubes. Gelatin is naturally
derived from collagen, and thus provides a molecular
environment more conducive to myoblast/myotube adhe-
sion due to its similarity to extracellular matrix. Addition-
ally, Bettadapur et al. (2016) showed that the elastic
modulus of hydrogels is more similar to that of muscle
tissue than plastic and other developed substrates (i.e.,
PDMS) [26]. The combination of a more adhesive and
more flexible anchor point against which myotubes can
contract reduces the likelihood that they detach from the
plate. These effects, due primarily to the molecular com-
position of the substrate itself, would be present in both
patterned and unpatterned gelatin cultures. What then is
the underlying biology leading to faster maturation ki-
netics seen in patterned gelatin substrates? A potential ex-
planation is that patterned scaffolding promotes adherent
myoblasts to fuse in only one direction, within a single
trough of the hydrogel. The pattern polarizes myoblasts
along the axis of the troughs, thus aligning fusion events
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along a single axis. The myotubes formed are thus less
likely to be branched and are longer than those observed
in unpatterned cultures. It is likely that reduction in
branch points contributes to advanced and prolonged
maturation seen, as branching is typically not observed in
vivo.

In conclusion, we provide a molecular and cellular
characterization of myotubes grown on micromolded
hydrogels, and attest that the micromolds are easily
implemented by labs with no previous expertise in bio-
medical manufacturing techniques. We hope our study
will encourage widespread adoption of this method in
skeletal muscle laboratories making use of C2C12 myo-
tubes as a model system.
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