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Temporal mechanisms of myogenic specification 
in human induced pluripotent stem cells
P. Nayak1, A. Colas2, M. Mercola3, S. Varghese4*, S. Subramaniam1*

Understanding the mechanisms of myogenesis in human induced pluripotent stem cells (hiPSCs) is a prerequisite 
to achieving patient-specific therapy for diseases of skeletal muscle. hiPSCs of different origin show distinctive 
kinetics and ability to differentiate into myocytes. To address the unique cellular and temporal context of hiPSC 
differentiation, we perform a longitudinal comparison of the transcriptomic profiles of three hiPSC lines that 
display differential myogenic specification, one robust and two blunted. We detail temporal differences in mecha-
nisms that lead to robust myogenic specification. We show gene expression signatures of putative cell subpopu-
lations and extracellular matrix components that may support myogenesis. Furthermore, we show that targeted 
knockdown of ZIC3 at the outset of differentiation leads to improved myogenic specification in blunted hiPSC 
lines. Our study suggests that -catenin transcriptional cofactors mediate cross-talk between multiple cellular 
processes and exogenous cues to facilitate specification of hiPSCs to mesoderm lineage, leading to robust 
myogenesis.

INTRODUCTION
Skeletal muscle progenitors derived from human induced plu-
ripotent stem cells (hiPSCs) have the potential to play a central role 
in the realization of individualized therapies (1). Chief among these 
unmet clinical needs are in vitro patient-specific tissue models for 
pharmacologic studies, as well as cell-based therapies for age- or 
injury-related muscle loss, neuromuscular disorders, and muscular 
dystrophies (2, 3). hiPSCs offer unique benefits: They give rise to 
cells from all three germ layers, are autologous, and have indefinite 
in vitro expansion (4). However, cell line–to–cell line variability in 
robust and reliable myogenic differentiation of hiPSCs remains a 
major bottleneck (5). A first step to address this challenge is a better 
understanding of the multiple intra- and extracellular mechanisms 
that underlie myogenic differentiation in the specific context 
of hiPSCs.

Studies of precommitted progenitors in vitro and embryonic 
development in vivo illustrate the context-dependent and multifac-
torial nature of myogenesis. Promyogenic medium conditions that 
lead to in vitro myogenic maturation were originally developed in 
studies of precommitted progenitors (3, 6). In addition to soluble 
factors, cell-matrix and cell-cell interactions also play a key role in 
myogenic specification (7). Embryological studies of myogenesis 
reveal finely tuned spatiotemporal regulation, including paracrine 
gradients that modulate signaling pathways as well as an internal 
“segmentation clock,” that guides paraxial mesoderm development 
and subsequent somitogenesis and limb bud formation (3). In vitro 
and in vivo studies delineate the crucial roles of regulatory tran-
scription factors, such as MYOD and MYOG, in myogenic specifi-
cation, as well as PAX7, a marker for satellite cells, the endogenous 
stem cells of skeletal muscle (2, 8, 9).

Methods for inducing myogenic differentiation in human pluri-
potent stem cells (hPSCs) leverage knowledge of in vitro myogenesis 
of precommitted progenitors and in vivo development. Embryoid 
body (EB)–based protocols attempt to recapitulate embryonic-like 
conditions in suspension culture to induce spontaneous differen-
tiation of all three germ layers; mesodermal progenitors are then 
selected and matured in promyogenic culture conditions (10). 
However, due to unpredictable spontaneous differentiation of EBs, 
monolayer culture has emerged as the method of choice for myo-
genic induction of hiPSCs. Within monolayer culture, there are two 
main strategies: ectopic overexpression of a myogenic regulatory 
factor, such as MYOD or PAX7, or directed differentiation with sol-
uble cues, or combination thereof (3, 9, 11–13). The transgene-free 
directed differentiation methods attempt to mimic signaling path-
way modulation of embryonic myogenesis by using sequential, de-
fined cocktails of small molecules and growth factors (11, 12).

However, unique features of hiPSC cellular context complicate 
translation of knowledge from in vivo development and in vitro 
myogenesis of precommitted progenitors. Several protocols for the 
directed myogenic differentiation of hiPSCs, including the one that 
we use in this paper, use gene expression signatures of in vivo somi-
togenesis as a blueprint for the timing and composition of soluble 
cues (11–13). In these studies, the undifferentiated tail cone stands 
in as a proxy for the pluripotent state. However, undifferentiated 
hiPSCs are most analogous to cells of the primed epiblast, so this 
comparison may miss key mechanisms of in vitro hiPSC differenti-
ation (3, 5). In addition, hiPSCs have epigenetic priming that can 
bias subsequent differentiation; this is thought to be due to an inter-
play of “memory” of the originator somatic cell and culture condi-
tions, including soluble cues and cell density (14–16). The epigenetic 
priming may be an hiPSC line–dependent contributor to line to line 
variability.

In this work, we exploit the variation in the myogenic specifica-
tion of the three hiPSC lines, one robust and two blunted, to deci-
pher differential mechanisms that lead to robust myogenesis. We 
detail the temporal relationships between the transcriptional, epi-
genetic, pathway modulation, metabolic, and extracellular factors 
that lead to robust myogenesis of hiPSCs across three model 
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systems. As a validation of our mechanistic hypotheses, small inter-
fering RNA (siRNA)–mediated perturbation studies suggest that 
targeted perturbation of a -catenin cofactor at the onset of differ-
entiation improves initial mesoderm specification, subsequently 
resulting in better myogenesis.

RESULTS
Robust myogenic specification is hiPSC line dependent
We have carried out myogenic differentiation of three hiPSC lines 
(TL, SCVI15, and LEPCC3) following a published protocol as 
described in Materials and Methods and characterized by immuno-
fluorescent (IF) staining for a number of myogenic markers 
(Fig. 1A) (13). Comparison of gross morphological changes during 
differentiation showed similar trends—that all the cell lines reached 
confluence by day 3 and continued to proliferate (fig. S1). IF stain-
ing of the cells undergoing differentiation for myogenic markers as 
a function of time (0 to 30 days) showed cell line–dependent re-
sponse. Specifically, robust myogenic differentiation was observed 
in LEPCC3 line (referred to as promyogenic) compared to the 
SCVI15 and TL lines (referred to as blunted) (Fig. 1A). All cell lines 

were positive for MYF5 early into differentiation (by day 6). By 
day 19, the differentiating cells stained positive for desmin, a non-
specific cytoskeletal component found in skeletal, smooth, and car-
diac muscle, and the expression level increased with culture time. 
By day 25, expression of MF20, a skeletal muscle myosin heavy 
chain, was observed but only in the LEPCC3 line, with increasing 
expression by day 30. SCVI15 also expressed MF20, but only by 
day 30; by contrast, the TL line had sparse MF20 expression even 
after 30 days of differentiation. At days 25 and 30, the LEPCC3 line 
also showed expression of MYOG and PAX7. These characteriza-
tions suggest that LEPCC3 undergoes robust myogenesis compared 
to the SCVI15 and TL lines.

Gene expression of promyogenic line diverges 
from the blunted lines
Having observed time- and cell line–dependent myogenic specifica-
tion with IF characterization, we next carried out longitudinal, 
whole-transcriptome analyses to better understand the gene regu-
latory mechanisms that lead to robust myogenic specification in the 
cellular context of hiPSCs. Specifically, we have carried out longitu-
dinal RNA sequencing of the three lines with temporally differential 

Fig. 1. Robust myogenic specification is hiPSC line dependent. (A) Characterization of myogenic specification of three hiPSC lines with IF staining for multiple markers 
of myogenesis. Each row is a separate cell line (TL, SCVI15, or LEPCC3), and columns represent days of differentiation (days 3, 6, 8, 12, 16, 19, 25, and 30). Stains are for MYF5 
(red), desmin (green), MF20 (red), MYOG (red), PAX7 (red), and nuclei (blue). Each image is labeled with its marker in the lower right corner. SCVI15 and TL cell lines were 
negative for MYOG and PAX7 at all time points (data not shown). Images are representative of two replicates during parallel culture of all three lines. Scale bar, 100 m. 
(B) Schematic of experimental design: Transgene-free myogenic differentiation was induced in three hiPSC lines (TL, SCVI15, and LEPCC3) in parallel according to a pub-
lished protocol (13) (see also fig. S1). At each time point, myogenic specification of each cell line was characterized by IF staining, and two biological replicates from each 
line were sent for RNA sequencing.
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myogenic specification at nine sequential time points during myo-
genic differentiation that span the undifferentiated state (day 0) to 
myogenic specification (day 30) (Fig. 1B).

Quality assessment metrics that demonstrated high-quality raw 
reads with good alignment to the GRCh38 transcriptome, including 
complementary DNA (cDNA) and noncoding RNA (ncRNA), are 
presented in fig. S2. The pipeline for data analysis is detailed in fig. 
S3. Differential expression analysis identified 16,800 total differen-
tially expressed genes (DEGs) across all cell lines and time points 
(Fig. 2A and fig. S4). While most of these genes were differentially 
expressed in multiple cell lines (Fig. 2A), many genes were differen-
tially expressed only in one line; the promyogenic cell line had more 
unique DEGs compared to the other two lines. While the number of 
DEGs increased as a function of time in all the cell lines, the pro-
myogenic line had more DEGs at each time point as well as the 
greatest increase over time in up- and down-regulated coding and 
noncoding genes (Fig. 2B).

Hierarchical clustering of the samples with respect to DEGs 
showed the promyogenic line to be increasingly dissimilar from the 
blunted lines with myogenic differentiation (Fig. 2C), corroborat-
ing the IF data (Fig. 1A). At initial time points of differentiation 
(day 3), all the cell lines clustered together, indicating that they had 
similar gene expression. However, with increased time of differen-
tiation, the promyogenic samples clustered increasingly farther 

from the blunted samples, which continued to cluster together. Fur-
thermore, contiguous time points from the same cell line clustered 
together, indicating consistent differentiation within each line. The 
cell line–dependent differentiation was further confirmed by R2 
correlation coefficients calculated for transcripts per million nor-
malized gene count between each sample. The R2 coefficients that 
were high between the different cell lines at day 0 progressively de-
creased with increasing time of differentiation (fig. S5). Together, these 
analyses showed that the gene expression patterns between the pro-
myogenic and blunted lines began to diverge early in differentiation.

Cell line–dependent gene expression regulates pluripotency 
and initial lineage commitment
Because the transition from pluripotency to initial lineage specifica-
tion is a key component of hiPSC differentiation, we next examined 
the expression of module genes that clustered with key transcrip-
tional regulators of pluripotency (SOX2, PRDM14, POU5F1, KLF4, 
and NANOG) and initial lineage specification (EOMES, T, HOXA2, 
HOXB5, and HOXD10) (Fig. 3, A and B). The gene modules were 
determined by hierarchical clustering with dynamic tree cutting 
with respect to gene expression across all time points for all three 
cell lines (17). The functional enrichment of pluripotency and lin-
eage specification of genes supports their roles in regulating plurip-
otency and differentiation, respectively (fig. S6).

Fig. 2. Gene expression of promyogenic line diverges from the blunted lines. (A) Venn diagram summarizes overlap in number of differentially expressed genes 
(DEGs) across all time points in the three cell lines (TL, yellow; SCVI15, red; or LEPCC3, blue), with total number of DEGs listed below. (B) Graph shows number of DEGs 
(y axis) with respect to time (x axis) and cell line (TL, blue; SCVI, green; LEPCC3, red). Each pair of bars represents up-regulated transcripts on the left and down-regulated 
transcripts on the right. The top-most section of each bar represents the number of noncoding up-regulated (Up) and down-regulated (Dn) transcripts. (C) Hierarchical 
clustering with respect to DEGs of all time points from all cell lines [LEPCC3 (L*), magenta; SCVI15 (S), green; TL (T), blue]. Darker color represents increasing time of differ-
entiation. Asterisk marks the promyogenic line.
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The modules of genes associated with SOX2, POU5F1, and 
PRDM14 were down-regulated across all the cell lines, albeit with 
subtle differences (Fig. 3A). Other regulators of pluripotency in 
these modules include SOX21, DEPTOR, ZFP42 (REX1), TDGF1, 
and ZSCAN10. The telomere regulators TERF1 and TERT within 
the modules were also found to be down-regulated in all three cell 
lines. By contrast, the KLF4- and NANOG-associated modules were 
down-regulated in the promyogenic line but less so in the other cell 
lines. The NANOG-associated module includes long noncoding RNAs 
(lncRNAs) that play a role in the regulation of pluripotency, such as 
LINCPRESS1/2 and LINC01108 (embryonic stem cell-associated 1) 

(18, 19). Together, these expression patterns indicate cell line–
dependent transition from pluripotency to lineage restriction, partic-
ularly with respect to genes that may play a role in NANOG-mediated 
regulation.

The modules of genes associated with key regulators of initial 
differentiation also showed time- and cell line–dependent expression 
(Fig. 3B). The T-associated module of genes includes regulators 
of mesendoderm specification including MSGN1, FGF17, CDX1/2, 
and WNT8A. While this module was up-regulated early in differen-
tiation in all three cell lines, these genes were up-regulated for a 
longer duration in the promyogenic line compared to the blunted 
lines. The EOMES-associated genes were generally up-regulated in 
all three cell lines; however, the genes that clustered most closely 
with EOMES, including LHX1, a transcription factor regulating en-
doderm specification, were up-regulated only in the blunted lines 
but not in the promyogenic line.

We also analyzed the HOX genes, HOXA2 (anterior), HOXB5  
(middle), and HOXD10 (posterior), as the HOX family genes play 
a role in anterior-to-posterior axis determination in embryonic 
development (20). All the cell lines showed up-regulation of genes 
in the anterior HOX2A-associated module and the middle HOXB5- 
associated module. These modules include the genes SNAI2, an 
epithelial-mesenchymal transition regulator, and MEOX1. In con-
trast, the posterior HOXD10-associated module was up-regulated 
in the promyogenic line compared to the blunted lines. This mod-
ule also includes multiple regulatory lncRNAs, including HAGLR 
and HOXA10-AS (21). We also noticed the presence of multiple 
unannotated transcripts with synchronous expression patterns, 
several of which are putative lncRNAs (Fig. 3, C and D).

Gene expression of chromatin-modifying complex 
components is cell line dependent
Transcription factor enrichment analysis using the pluripotency- 
and differentiation-associated gene modules (Fig. 3) indicated the 
involvement of polycomb repressor complexes 1 and 2 (PRC1/2) in 
gene regulation, as multiple PRC1/2 components were significantly 
enriched (fig. S7) (22). PRC1 and PRC2 are active in histone modi-
fication including epigenetic priming in pluripotent cells (23, 24). 
Several PRC1 targeting components have cell line–dependent ex-
pression, including KDM2B, which was found to be down-regulated 
more in the promyogenic line compared to the blunted lines. The 
enzymatic components of PRC1 also have cell line–dependent ex-
pression, with RING1 preferentially expressed in the promyogenic 
line compared to RNF2 (Fig. 4A). Although the core components of 
PRC2 were significantly enriched upstream of both pluripotency- 
and lineage specification–related genes (fig. S7), they were not dif-
ferentially expressed in any of the cell lines (Fig. 4B). However, 
targeting component JARID2, involved in pluripotency mainte-
nance, was down-regulated in the promyogenic, but not in blunted, 
lines (25).

BRG1/BRM associated factor (BAF)/polybromo associated BAF 
(pBAF) and NuRD (nucleosome remodeling and deacetylase) are 
chromatin-modifying complexes that operate largely at the nucleo-
some level (26, 27). Several components of the BAF family com-
plexes showed a cell line–dependent expression, including aden osine 
5′-triphosphate (ATP)–dependent enzyme SMARCA2 and targeting 
components BCL7A and BCL11A (Fig. 4C). NuRD complex targeting 
component TRIM28, a regulator of pluripotency, was more down-reg-
ulated in the promyogenic than in blunted lines. In addition, multiple 

A B

C

D

Fig. 3. Cell line–dependent gene expression regulates pluripotency and initial 
lineage commitment. (A) Heatmaps with expression patterns of gene modules 
associated with regulators of pluripotency: SOX2, POU5F1, PRDM14, KLF4, and 
NANOG. The modules are determined with dynamic tree cutting of hierarchical 
clusters with respect to gene expression across all time points and cell lines. Each 
column of the heatmap represents a cell line, from left to right: T, TL; S, SCVI15; 
L, LEPCC3 (asterisk marks promyogenic line L*). Within each of the three columns, 
eight boxes represent time point days 3 to 30. Heatmap colors: Blue represents 
down-regulated and red represents up-regulated L2FC gene expression with respect 
to each cell line’s respective day 0 undifferentiated value. (B) Heatmaps with ex-
pression patterns of gene modules associated with key regulators of differentiation: 
T and EOMES are crucial regulators of mesendoderm specification, while HOXA2, 
HOXB5, and HOXD10 are representative of anterior to posterior HOX family genes. 
(C) Heatmap detailing the noncoding RNA (ncRNA) transcripts that cluster near 
NANOG: red, known lncRNAs; green, unannotated transcripts. (D) Heatmap detailing 
the noncoding ncRNA transcripts that cluster near HOXD9: red, known lncRNAs; 
green, unannotated transcripts.
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TRIM28-associated known and unannotated zinc finger transcrip-
tion factors have also exhibited cell line–dependent expression (Fig. 4D) 
(28). In short, we observed cell line–dependent expression of ancil-
lary components that mediate targeting, rather than cell line–dependent 
expression of core or enzymatic components, with a few exceptions.

Temporally differential expression of mesendoderm 
regulators precedes myogenic specification
On the basis of our observation of time- and cell line–dependent 
expression of key genes that regulate pluripotency (NANOG, 
POU5F1, KLF4, and SOX2) and initial lineage specification 
(EOMES and T) (Fig. 3), we next tracked the downstream lineage 
specification in the promyogenic and blunted lines (Fig. 5A). The 
blunted lines showed an initial specification to endoderm-like fate 
(LHX1 and SOX17) and cardiogenic mesoderm (GATA4 and 
NKX2-5). Concomitant with this early commitment, the blunted 
lines expressed genes associated with endoderm-derived liver 
(SERPINA1 and HNF4A) and cardiac morphogenesis (HAND1) at 
later time points of differentiation. In contrast, the promyogenic 
line showed an increased expression of genes associated with 

somitogenesis (MEOX1), intermediate mesoderm (OSR1), and paraxial 
mesoderm (PAX3 and PDGFRA), with downstream expression 
of the corresponding derivatives of urogenital tract development 
(WT1) and terminal myogenesis (MYOG).

Time- and cell line–dependent expression of pathway 
components and -catenin cofactors
We next examined the gene expression of members of major signal-
ing pathways (Fig. 5B). The genes in each pathway or functional group 
were curated through a combination of HUGO gene nomenclature 
committee (HGNC) families and literature search (29). Consistent 
with exposure to CHIR during early differentiation, we observed up- 
regulation of members of the Wnt pathway (including WNT3A). We 
also observed up-regulation of Notch, Hedgehog, and FGF8, FGF17, and 
FGF18 pathway members in all cell lines. However, this up-regulation 
was for a longer duration in the promyogenic compared to the blunt-
ed lines. In contrast, although all cell lines had identical exposure to 
the exogenous small molecule LDN, transforming growth factor– 
(TGF) family members were more down-regulated in the pro-
myogenic line and up-regulated in the blunted lines. CER1 and NODAL, 

Fig. 4. Gene expression of chromatin-modifying complex components is cell line dependent. (A) Selected components of polycomb repressor complex 1 (PRC1). 
Components of the canonical complex are inside the dotted blue box, and components of the noncanonical complex are inside the dotted yellow box. The enzymatic 
components are ringed in purple. Each row in every three-row heatmap represents one cell line, from top to bottom: T, TL; S, SCVI15; L, LEPCC3 (asterisk marks promyo-
genic line L*). Each row has eight boxes representing time points days 3 to 30. Heatmap colors: Blue represents down-regulated and red represents up-regulated L2FC 
gene expression with respect to each cell line’s respective day 0 undifferentiated value. (B) Selected components of PRC2. Core components are inside the dotted blue 
box, and enzymatic component is ringed in purple. (C) Selected components common to pBAF and BAF complexes. All the components shown are part of BAF (dotted 
blue box), while some are also in pBAF (dotted yellow box). Enzymatic components are ringed in purple. (D) Selected components of the nucleosome remodeling and 
deacetylase (NuRD) complex, with core components in the dotted blue box and enzymatic components ringed in purple. TRIM28 is shown with several associated zinc 
finger transcription factors (TFs).
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secreted ligands of the TGF superfamily that have been shown to 
promote endoderm differentiation, were more up-regulated early 
in differentiation in the lines with blunted myogenesis (30).

Despite the exposure to same exogenous factors (e.g., small 
molecules), the differentiation and pathway modulation was cell 
line dependent, suggesting the involvement of other factors such as 
epigenetic state and availability of -catenin cofactors, which could 
contribute to initial lineage specification (24, 31–33). To this end, 
we have assessed the expression profile of the -catenin cofactors 
and -catenin targets. Genes that were more up-regulated in the 

promyogenic line include transcription factors PYGO, ZIC1/4, and 
LEF1, Notch-regulated transcription factor HES7, and T. Genes 
that were more down-regulated in the promyogenic line include 
TLE1, TLE2, ZIC3, and TLE6, as well as EOMES and GSC (Fig. 5B).

Cell line–dependent expression of extrinsic and intrinsic 
factors precedes robust myogenesis
By middle to late differentiation time points, the promyogenic line 
has preferential expression of several intra- and extracellular com-
ponents involved in myogenic specification (Fig. 5C). Genes related 

Fig. 5. Time- and hiPSC line–dependent gene expression leads to robust myogenic specification. (A) Schematic of cell line–dependent lineage specification. From 
left to right: Key regulators of pluripotency, mesendoderm specification, and finally key genes that represent mesendoderm derivatives. Each row in every three-row 
heatmap represents one cell line, from top to bottom: T, TL; S, SCVI15; L, LEPCC3 (asterisk marks promyogenic line L*). Each row has eight boxes representing time points 
days 3 to 30. Heatmap colors: Blue represents down-regulated and red represents up-regulated L2FC gene expression with respect to each cell line’s respective day 
0 undifferentiated value. (B) At the outset of differentiation, preferential up-regulation of key FGF, Notch, Wnt, and down-regulation of TGF family pathway components 
in the promyogenic line, with synchronous cell line–dependent up- and down-regulation of multiple transcriptional cofactors of -catenin. (C) In mid- differentiation, 
preferential expression in the promyogenic line of groups of genes known to promote myogenic differentiation and function (dystrophin-associated, ECM components, 
and neuronal genes precede myogenic transcription factors, metabolic factors, and calcium handling). (D) Late in differentiation, there is up-regulation of genes related 
to myogenesis (sarcomeric and AChR components), predominantly in the promyogenic line.
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to extracellular matrix (ECM) molecules relevant to skeletal muscle, 
such as LAMA2 and COLQ [a structural component of the acetyl-
choline receptor (AChR)] as well as components of the dystrophin 
complex, which anchors myocytes to the ECM, are more up- 
regulated in the promyogenic lines. Muscle-specific metabolic 
factors, including creatinine kinase (CKM) (a clinically used mark-
er of muscle injury), myoglobin (involved in oxygen metabolism), 
and myostatin (involved in skeletal muscle cell signaling), were also 
more up-regulated in the promyogenic line. Genes related to calci-
um handling, including RYR1, a component of a sarcoplasmic retic-
ulum calcium channel that plays a role in muscle contraction, 
were likewise more up-regulated in the promyogenic line. Several 
genes related to neural development, such as NEUROG1, NEUROD1, 
and NES, were also found to be preferentially up-regulated in the 
promyogenic cell line (Fig. 5C).

Concomitantly, by late differentiation time points, genes in-
volved in downstream myogenic maturation were more up-regulated 
in the promyogenic than the blunted lines (Fig. 5D). Transcription 
factors that play a role in paraxial mesoderm development (e.g., 
PAX3 and PAX7) and myogenic regulatory factors (e.g., MYOD1 
and MYOG) were more up-regulated in the promyogenic line. 
Transcription factor expression preceded up-regulation of skeletal 
muscle-specific sarcomeric heavy- and light-chain myosins and 
Z-disc components. Components of the fetal neuromuscular junc-
tion AChR, such as CHRND and CHRNG, were up-regulated in the 
promyogenic line by early differentiation time points, and compo-
nents of the more mature AChR, such as CHRNA, CHRNB1, and 
MUSK, were up-regulated by late time points.

Transcriptional regulation of initial lineage commitment is 
time and cell line dependent
We further delineated the temporal relationships between processes 
that correlated with robust myogenic specification in the promyo-
genic line using the Short Time-series Expression Miner (STEM) 
(34). Seven statistically significant temporal profiles and their corre-
sponding Gene Ontology categories are shown in Fig. 6A. ECM- 
related categories steadily increased (profile 39) over the course of 
myogenic specification, while categories related to RNA and DNA 
processing steadily decreased (profile 10). Glycolysis (profile 21) 
decreased over the course of differentiation, consistent with loss of 
pluripotency (35), and increased only in late differentiation time 
points, synchronous with the appearance of myoblasts. Profile 37, 
enriched for cilia-related processes, peaked in the latter part of 
differentiation, consistent with the role of primary cilia in early 
myoblast commitment (36). Profiles related to somitogenesis 
(profile 47) peaked early in differentiation, while those related to 
embryonic skeletal muscle development (profile 38) increased 
gradually over early and mid-differentiation. Last, genes related to 
contractile myofibers (profile 24), indicating more mature skeletal 
muscle, increased sharply only by late differentiation time points.

We next compared gene expression in all three cell lines for 
temporal profiles that increased markedly in early differentiation 
(Fig.  6B), because mesoderm commitment preceded downstream 
myogenesis in the promyogenic line (Fig. 5A). Enrichment of terms 
related to embryonic skeletal development (profile 38) was driven 
largely by expression of anterior to middle HOX family transcription 
factors. The HOX genes have more robust and earlier up-regulation 
in the promyogenic line compared to the blunted lines (by day 3 versus 
day 6). Profile 47 is enriched for terms related to somitogenesis and 

mesoderm development. Key transcription factors in this temporal 
profile, such as T, TBX6, MSGN1, and CDX1/2, are increased in 
early differentiation in all three cell lines but have more robust and 
longer duration of up-regulation in the promyogenic line.

As CDX2 was identified in profile 47, and because NANOG and 
CDX2 have been shown to jointly regulate differentiation to differ-
ent mesoderm subtypes at the exit from pluripotency (37), we com-
pared the expression of transcriptional targets of NANOG and 
CDX2 (Fig. 6C). We observed cell line–dependent expression of 
NANOG and CDX2 (orange boxes) as well as multiple transcrip-
tional targets at the outset of differentiation. These targets include 
several genes that are important in lineage specification, including 
T, EOMES, and NODAL (regulated by NANOG); FGF3, CDH1, and 
FOXA2 (regulated by both); SHH; and multiple middle HOX genes 
(regulated by CDX2). Together, this indicates time-dependent tran-
scription factor signatures that distinguish the promyogenic line 
from the blunted lines in early differentiation time points.

-Catenin cofactors integrate exogenous cues and pathway, 
epigenetic, and transcriptional mechanisms
On the basis of the observations and data analyses described above, 
we posit that the cell line–dependent expression of -catenin co-
factors (Fig. 5B) affects initial lineage specification by integrating 
exogenous cues (fig. S1) and transcriptional (Fig. 3, A and B), epi-
genetic (Figs. 3, C and D, and 4), and signaling pathways (Fig. 5B) 
(16, 31, 33, 38–40). In the promyogenic line, there is a longer dura-
tion of T expression and no EOMES expression compared to the 
blunted lines, resulting in initial specification to the mesoderm 
lineage, which, in turn, leads to robust downstream myogenesis 
(Fig. 5A). We therefore focused on initial lineage specification to 
mesoderm versus endoderm based on expression of T and EOMES, 
both of which are transcriptional targets of -catenin. The network 
diagram summarizes ways in which exogenous cues, signaling path-
ways, epigenetics, and pluripotency transcription factors interact, 
through -catenin cofactors, to potentially modulate -catenin 
transcriptional activity (including transcription of T and EOMES) 
(Fig. 7A). The key interactions are detailed in fig. S8, with protein- 
protein interaction data obtained from STRINGdb (41).

ZIC3 knockdown leads to enhanced downstream  
myogenic specification
Guided by the network model (Fig. 7A), we hypothesized that 
targeted perturbation of a -catenin cofactor at the outset of differ-
entiation could improve initial mesoderm specification, leading to 
enhanced downstream myogenic specification. To test this, we car-
ried out an siRNA-mediated knockdown screen of multiple candi-
date -catenin cofactors (fig. S9) in a blunted cell line (TL) (Fig. 7B). 
On the basis of an siRNA screen, knockdown of the gene ZIC3 
showed less endoderm-like differentiation while exhibiting high 
T and attenuated EOMES expression at 3 days after differentiation 
(fig. S10) (40, 42, 43). Hence, we have evaluated the effect of ZIC3 
knockdown at the outset of differentiation on myogenic specifi-
cation. In accordance with the siRNA treatment, we observed de-
creased NANOG expression by IF staining by day 3 of differentiation 
compared to the scrambled siRNA control (Fig. 7C) (43). By 25 days 
of differentiation, we observed enhanced MF20 expression by IF 
staining in the ZIC3 knockdown condition compared to nonspe-
cific siRNA control, suggesting improved myogenic specification 
(Fig. 7D).
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DISCUSSION
In this study, we compared hiPSCs with line-to-line variation in 
differentiation to better understand the temporal mechanisms of 
myogenic specification of hiPSCs. To this end, we have generated a 
unique transcriptomic dataset that captures a longitudinal head-to-
head comparison of multiple hiPSC lines with differential myo-
genic commitment. We detailed gene expression patterns related to 
transcriptional, signaling pathway, and epigenetic regulation that 
lead to robust myogenic specification. At the outset of differentia-
tion, we observed a divergence in gene expression between the cell 

lines that suggests differences in initial germ layer specification. We 
hypothesized that transcriptional cofactors of -catenin play a role 
in integrating multiple mechanisms to affect lineage specification 
and showed that perturbation of one such cofactor, ZIC3, led to 
improved myogenic specification in a blunted line.

Despite the fundamental differences between in vitro differenti-
ation of hiPSCs and in vivo embryonic development, a comparison 
can be helpful to understand our observations, as well as underscore 
the importance of our study within the hiPSC context. We consider 
initial induction of differentiation in vitro with the analogy of 

Fig. 6. Transcriptional regulation of initial lineage commitment is time and cell line dependent. (A) Seven significant temporal profiles (profiles: 39, red; 10, green; 
37, yellow; 24, brown; 38, blue; 47, purple; 21, gray) as well as select corresponding enriched Gene Ontology categories were determined with STEM software. (B) Com-
parison of gene expression for sets of genes driving enrichment of categories in profile 38 (top heatmap) and profile 47 (bottom heatmap) showed cell line–dependent 
expression, including multiple key transcription factors. (C) Transcription factors CDX2 and NANOG had cell line–dependent expression (orange boxes), as did transcrip-
tional targets of NANOG (purple), CDX2 (green), and both (overlap purple and green). TF targets were determined using the ChEA database in Enrichr (52).
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in vivo primitive streak (PS) formation, because undifferentiated 
hiPSCs are thought to be most analogous to the primed epiblast 
(3, 5, 12). During embryogenesis, the epiblast gives rise to the PS, 
which is pan-positive for T; from the PS, germ layers arise in a time- 
and space-dependent fashion, with endoderm arising first (early 
anterior PS) followed by mesoderm (late posterior PS) (44). 

Likewise, on induction of hiPSC differentiation in vitro, we observe 
that all cell lines have up-regulation of T; however, T expression is 
prolonged only in the promyogenic line, which could be attributed 
to these cells committing to a late PS-like fate compared to an early 
streak fate in the blunted lines. Early PS derivatives include endo-
derm, cardiogenic, and head mesoderm, while intermediate and 

Fig. 7. Initial ZIC3 knockdown leads to enhanced terminal myogenic specification. (A) In our network of initial lineage specification, transcriptional cofactors of 
-catenin mediate cross-talk between signaling pathway activity, epigenetics, transcription factors, and exogenous cues. CTNNB1 (-catenin) and cofactors that physical-
ly interact are highlighted in red. Gray dotted line, exogenous small-molecule CHIR and LDN (represented with gray circles) that modulate Wnt and TGF- signaling 
pathways, respectively; red, protein-protein interaction (experimentally determined from STRINGdb); green, signaling pathways and members; orange, epigenetic regu-
lator targets; purple, transcriptional regulation (see also fig. S8). (B) Schematic of experimental design for siRNA-mediated knockdown (KD) screen (left) and ZIC3 KD (left) 
to enhance myogenic specification in hiPSC line with blunted myogenesis (TL). (C) Representative images showing attenuated NANOG expression at day 3 of differenti-
ation in ZIC3 siRNA-mediated KD condition compared to nonspecific siRNA control. IF staining for NANOG (green) and nuclei (blue). Scale bar, 100 m. (D) Representative 
images showing enhanced myogenic specification at day 25 of differentiation in hiPSC line with blunted myogenesis (TL) due to siRNA KD of ZIC3 at the outset of differ-
entiation compared to nonspecific siRNA condition. IF staining for desmin (green), MF20 (red), and nuclei (blue). Scale bar, 100 m.
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paraxial mesoderm are derived from the late PS (45), and these stag-
es were captured by the differentiating hiPSCs in a time-dependent 
manner. The cell line–dependent pattern of HOX gene expression 
(posterior HOX genes up-regulated preferentially in the promyo-
genic line) and signaling pathway modulation (increased TGF 
component expression in the blunted lines) also concurs with the 
anterior versus posterior PS commitment analogy. The lines with 
blunted myogenesis had persistent NANOG expression, which fits 
with the smaller total number of DEGs in these lines compared to 
the promyogenic line and may indicate an earlier fate even by late 
time points of differentiation (37).

Although analogy with early embryonic development can frame 
certain observations, there are aspects unique to hiPSCs such as that 
the differentiation is heterogeneous in terms of cell subpopulations 
that arise. We observe a total of 16,800 DEGs in all time points from 
all the cell lines. This represents differential expression of about 
30% of the possible transcripts and likely reflects heterogeneity, as 
initial specification gives rise to multiple derivatives with increasing 
time of differentiation. The promyogenic line has more up- and 
down-regulated genes at all time points as well as more unique 
genes compared to the blunted lines, suggesting the presence of dif-
ferent subpopulations. Neural “contaminants” have been reported 
in several protocols for the myogenic differentiation of hPSCs, 
including the protocol that we use (13). Nevertheless, it is plausible 
that these subpopulations play a role in promoting myogenic speci-
fication; in vitro studies have shown enhanced myogenesis of 
primary myoblasts with motor neuron coculture (46). Similarly, the 
appearance of Pax7+ satellite cells in conjunction with MyoG+ 
terminally specified myogenic cells represents a heterogeneous cell 
population that arises within a niche. The heterogeneous differ-
entiation of hiPSCs makes it difficult to disambiguate specific details 
of distinct cell subpopulations. Although cell sorting or single- 
cell sequencing may disrupt cell-cell and cell-ECM interactions 
that can influence lineage specification, future studies should 
consider these modalities to better understand subpopulation 
heterogeneity.

Our data showed high correlation among the biological rep-
licates from the same cell line, even with increasing time of dif-
ferentiation, demonstrating self-consistency during parallel 
differentiation. Therefore, trends in gene expression, especially 
synchronous expression of groups of genes as revealed by our 
longitudinal approach, provide insights into lineage specifica-
tion. For example, cell line–dependent temporal variation in 
transcription factor and signaling pathway component expres-
sion shows differential initial lineage specification between the 
cell lines. Furthermore, our longitudinal data enable inference 
of causality. In addition, unbiased analysis techniques to identi-
fy modules of genes with similar expression patterns can help 
contextualize potential function of unannotated transcripts, as 
in the case of unannotated lncRNAs that cluster with NANOG 
and the HOX genes as well as multiple ZNF transcription fac-
tors that associate with TRIM28. Future experiments could ex-
plore the roles of these unannotated genes, especially as they may 
relate to epigenetic regulation. Last, our analyses and perturbation 
experiment suggest the key role played by the -catenin cofactors 
at the outset of differentiation and on downstream targets for 
myogenic differentiation. Together, our study is a framework to 
better understand and potentially improve myogenic specifica-
tion of hiPSCs.

MATERIALS AND METHODS
Pluripotent hiPSC culture
hiPSC lines (LEPCC3, SCVI15, and TL) were derived from periph-
eral blood mononuclear cells from healthy individuals. The SCVI15 
and TL lines were obtained through material transfer agreement 
from the Stanford University and Ann & Robert H. Lurie Children’s 
Hospital Chicago. The LEPCC3 line was generated jointly with 
the Salk Institute. Pluripotent hiPSC colonies were plated onto six-
well plates that had been coated with Matrigel (Corning) according to 
the manufacturer’s instructions overnight at 4°C. Maintenance medium 
mTeSR1 (STEMCELL Technologies) was refreshed daily. hiPSCs 
were passaged at ~70% confluence using ReLeSR (STEMCELL Tech-
nologies) according to the manufacturer’s instructions to maintain 
pluripotent colonies. From frozen vials, pluripotent colonies were 
passaged twice before seeding for differentiation. All three cell lines 
were cultured in parallel.

Myogenic differentiation
Pluripotent hiPSC colonies were seeded for differentiation by adding 
500 l of Versene (0.5 mM EDTA solution, Gibco) per well in a six-well 
plate and incubating at 37°C for 9 min to detach cells as single cells. 
These were then replated as single cells on Matrigel- coated plates as 
above. Undifferentiated hiPSCs were plated at a seeding density of 
20,000 cells/cm2 in mTeSR with 1% penicillin- streptomycin (Gibco) 
and 2 M Thiazovivin (Selleck Chemicals) for 24 hours to allow 
attachment. Differentiation was induced 24 hours after plating fol-
lowing the protocol by Chal et al. (11). Briefly, five differentiation 
medium conditions were used over the course of 30 days of myo-
genic differentiation: days 1 to 3: Dulbecco’s modified Eagle’s medium 
(DMEM)/F12 (Gibco) with 1% NEAA (non-essential amino acid) 
(Gibco), 1% GlutaMAX (Gibco), 1% penicillin-streptomycin (Gibco), 
1% ITS (insulin-transferrin-selenium) supplement (Gibco), CHIR99021 
(3 M) (Selleck Chemicals), and LDN-193189 (0.5 M) (Miltenyi 
Biotec); days 4 to 6: DMEM/F12 with 1% NEAA, 1% GlutaMAX, 
1% penicillin-streptomycin, 1% ITS supplement, CHIR99021 (3 M), 
LDN-193189 (0.5 M), and fibroblast growth factor (FGF) (20 ng/ml) 
(R&D Systems); days 7 and 8: DMEM/F12, 15% KOSR (KnockOut 
Serum Replacement) (v/v) (Gibco), 1% NEAA, 1% GlutaMAX, 1% 
penicillin-streptomycin, HGF (hepatocyte growth factor) (10 ng/ml) 
(R&D Systems), IGF (insulin-like growth factor) (2 ng/ml) (R&D 
Systems), FGF (fibroblast growth factor) (20 ng/ml), LDN (0.5 M), 
and -mercaptoethanol (0.1 mM); days 9 to 12: DMEM/F12, 15% 
KOSR, 1% NEAA, 1% GlutaMAX, 1% penicillin-streptomycin, 
IGF (2 ng/ml), and -mercaptoethanol (0.1 mM); days 13 to 30: 
DMEM/F12, 15% KOSR, 1% NEAA, 1% GlutaMAX, 1% penicillin- 
streptomycin, HGF (10 ng/ml), IGF (2 ng/ml), and -mercaptoeth-
anol (0.1 mM). Medium was changed daily for the first 12 days, 
followed by half medium change every day for the remainder of the 
differentiation to day 30. All three hiPSC lines were cultured in par-
allel for transcriptomic studies as well as corresponding IF staining 
characterization.

IF staining
IF staining was performed using the following primary antibodies: 
PAX7 (1∶100; Developmental Studies Hybridoma Bank), MF20 
(1∶200; Developmental Studies Hybridoma Bank), MYF5 (1∶200; 
Santa Cruz Biotechnology), desmin (1∶200; Abcam), MYOG 
(1∶100; Developmental Studies Hybridoma Bank), Brachyury 
(1:100; R&D Systems, AF-2085), EOMES (1:100; R&D Systems, 
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MAB6166), and NANOG (1:200; Santa Cruz Biotechnology). The 
following secondary antibodies were used: goat anti-rat Alexa 546 
(1∶200; Life Technologies), goat anti-mouse Alexa 488 (1∶250; Life 
Technologies), and goat anti-rabbit Alexa 546 (1∶200; Life Tech-
nologies). For IF staining of cells grown on tissue culture plates, 
cells were fixed in 4% paraformaldehyde for 10 min at room tem-
perature. Immediately before staining, the cells were permeabilized 
with 0.1% (v/v) Triton X-100 and blocked with 3% (w/v) bovine 
serum albumin (BSA) for 30 min. Cells were stained with primary 
antibodies in dilution ratios as listed above in 1% BSA overnight at 
4°C, washed three times with phosphate-buffered saline, and incu-
bated with secondary antibodies for 1 hour at room temperature. The 
nuclei were stained with Hoechst 33342 (2 g/ml; Life Technologies) 
for 5 min at room temperature. Imaging was performed using a 
fluorescence microscope (Carl Zeiss; Axio Observer A1).

RNA extraction, quality assessment, library preparation, 
and sequencing
RNA samples were collected for nine time points with two biological 
replicates for each of three cell lines using TRIzol (Thermo Fisher 
Scientific) according to the manufacturer’s instructions. At the 
University of California San Diego (UCSD) Institute for Genomic 
Medicine, RNA integrity number (RIN) scores for each sample 
were calculated using Agilent 4200 TapeStation instrument and 
samples with RIN lower than 8 were excluded from downstream 
sequencing. Library preparation was carried out with an Illumina 
TruSeq Stranded mRNA kit for poly-A selection. Samples were 
sequenced on Illumina HiSeq 4000. One hundred–base pair paired-
end reads with about 30 million reads per sample were generated.

RNA sequencing data quality check, read alignment, 
and differential expression analysis
The quality of raw reads was assessed using FastQC (Babraham 
Bioinformatics), and quality metrics for multiple samples were 
compiled with MultiQC (47). Alignment to the human transcrip-
tome (Ensembl version GRCh38.p10) that consisted of cDNA and 
ncRNA transcripts was performed using Salmon (48). Summation 
of transcript read counts to gene counts was done using tximport 
(49). Differential gene expression analysis was carried out using 
DESeq2 (50), with cutoffs of Padj ≤ 0.005 and L2FC (log2 fold change) ≥ 1. 
Downstream analyses were performed using the R statistical com-
puting software (51).

siRNA screen
Wells of a 384-well plate were coated with Matrigel (Corning) per 
the manufacturer’s instructions at 4°C overnight. At time of cell 
seeding, Matrigel was aspirated, 5 l of 1% Lipofectamine RNAiMAX 
transfection reagent (Invitrogen) in Opti-MEM (Gibco) was added 
per well, and 2.5 l of 0.5 M siRNA was added per well, with spin 
down of plate to ensure settling of reagents. siRNAs were purchased 
from Dharmacon Inc. as pool of four siRNA targeting sequences 
per gene. hiPSCs (TL cell line) were seeded as single cells at a seed-
ing density of 20,000 cells/cm2, as above, for myogenic differentia-
tion. Final volume per well was 50 l, including cells, for final siRNA 
concentration of 25 nM. Twenty-four hours were allowed for cell 
attachment and transfection before removing plating medium and 
inducing myogenic differentiation, as above. At day 3, cells were 
fixed and permeabilized for immunostaining as above and stained 
for Brachyury (1:100; R&D Systems, AF-2085) and EOMES (1:100; 

R&D Systems, MAB6166), with secondary and nuclear staining, as 
above. Fluorescence was imaged with an automated microscope 
(ImageXpress, Molecular Devices) and quantified with the MetaXpress 
software (Molecular Devices). There were two biological replicates 
per experimental condition and four images per well for a total of 
eight quantified images per experimental condition for average and 
SD calculations.

RNA sequencing data
Raw and processed data are deposited to the Gene Expression 
Omnibus repository with accession number GSE161025.

Statistical analysis
Alignment of raw reads to the transcriptome was performed using a 
quasi-mapping and dual-phase inference method as implemented 
by Salmon, gene-level estimation of transcript abundance was 
performed with tximport, and differential expression analysis was 
performed using a hypergeometric distribution as implemented by 
DESeq2 with cutoffs of Padj ≤ 0.005 and L2FC ≥ 1 (see above). IF 
staining image quantification is presented as means ± SD. STEM 
analysis software calculates gene set enrichment analysis using a 
hypergeometric distribution, as described in (34).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/12/eabf7412/DC1

View/request a protocol for this paper from Bio-protocol.
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