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Development of a split-toxin CRISPR
screening platform to systematically identify
regulators of human myoblast fusion

Haifeng Zhang 1,7, Renjie Shang2,7, Zheng Zhang2,7, Min Zhou1, Anne Bigot 3,
Yanqing Cai1, Yanran Zhao 4, Yushu Wang2, Aaryahi Deshmukh 2,
Elena Kudryashova5, Dmitri S. Kudryashov 5, Cuiyu He6, Vincent Mouly3 &
Pengpeng Bi 1,2

Muscle defects are common in human developmental disorders and often
cause severe functional impairment. These defects arise from intricate tissue
crosstalk and rare genetic mutations, underscoring the need to systematically
identify cell-autonomousmechanisms regulating humanmyogenesis. Here we
show a rationally designed, high-throughput genetic screening platform that
integrates human myoblast models, customized CRISPR libraries, and a split-
toxin strategy that enables quantitative selection of fusion-defective myo-
cytes. Leveraging this platform, our initial screenuncovers a large groupof hits
essential for human myoblast fusion. The majority of these hits converge into
23 protein complexes. Notably, mutations in 41 screen hits are associated with
human diseases marked by abnormal skeletal-muscle morphology. Applying a
new single-cell CRISPR & RNA-seq approach, we show that majority of these
hits control human myoblast fusion as well as influence early-stage myogenic
differentiation. This work establishes a scalable approach to identify cell-
autonomous regulators of human muscle differentiation and fusion.

Human muscle development is a highly orchestrated process that
begins during early embryogenesis and peaks during the fetal stage1.
Myogenic progenitors, or myoblasts, originating from the paraxial
mesoderm, undergo differentiation and fusion to formmultinucleated
myotubes under the control of muscle-specific transcriptional
factors2–8, such as PAX7, MYF5, MYOD, MYOG, and MEF2C. Myoblast
fusion, a hallmark of skeletal myogenesis, is controlled by bipartite
membrane proteins Myomaker (MYMK) and Myomixer (MYMX, also
known as Minion and Myomerger) that govern membrane
coalescence9–12. As a conserved feature of vertebrate myoblast fusion,
the formation of actin-propelled invasive protrusions13–16 is believed to
facilitate the function of membrane fusogens Myomaker and Myo-
mixer at the fusogenic synapses. Mutations in either Myomaker or

Myomixer in patients result in fusion myopathy characterized by
developmental delay, hypotonia and impaired muscle growth17–19.

As part of the broader myogenic program, the expression and
activity of muscle fusogens are tightly regulated byMYOD andMYOG,
along with several signaling pathways20–26 including Notch, ERK1/2,
CaMKII, IRE1α, and TGF-β. Post fusion, multinucleated myotubes
mature into functional muscle fibers, expressing contractile proteins
and establishing neural and vascular connections. By the second tri-
mester, the architecture of human skeletal muscle is largely estab-
lished, although muscle growth continues into postnatal life through
fusion and myonuclear accretion27.

Persistent research using model organisms has uncovered con-
served cellular and molecular mechanisms underlying skeletal
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myogenesis14,28–33. However, despite major advances, interspecies dif-
ferences in genetic interactions can lead to phenotypic variability in
response to the same genetic mutations33,34. This is particularly rele-
vant given that most model organisms are highly inbred, leading to
reduced genetic diversity and potentially masking context-dependent
gene functions that would be evident in the more genetically hetero-
geneous human population. These limitations underscore the critical
importance of studying gene function directly in human systems to
better understand the molecular basis of human diseases.

Recently, immortalized human myoblasts have emerged as a
powerful system for investigating the molecular mechanisms of
human muscle development and disease25,35,36. However, scalable
genetic tools for dissecting the intricate regulatory networks involved
in this process remain limited. To close this gap, we developed a
CRISPR screening platform that integrates three major components.
First, human myoblast lines derived from diverse donors and anato-
mical sites. Second, a custom-designed gRNA library (MyoCRISPR-
KOLib) targeting 6896 genes selected from unbiased transcriptome
analysis of human myogenesis across a panel of donors. Third and
most importantly, a phenotypic readout strategy that couples cell
fusionwith cell viability selection using a split-toxin expression system.

We systematically evaluated the performance of each major
component of the platform. First, transcriptome analysis unbiasedly
validated the strong myogenic potential of the human myoblast lines.
Comparative analysis showed a high degree of similarity between
these in vitro–differentiated humanmyoblasts andhuman fetalmuscle
tissue, specifically in the activation of the gene program formuscle cell
differentiation, supporting the physiological relevance of the culture
system. Karyotype analysis revealed a normal diploid genome archi-
tecture in these human myoblasts. Second, for the newly generated
MyoCRISPR-KOLib, we performed a proof-of-concept test in a simple
myoblast fitness screenwhich revealed hundreds of genes essential for
myoblast survival and expansion. Third, we demonstrated that the
split-toxin system effectively and specifically eliminates fused myo-
tubes while sparing fusion-defective myoblasts, thereby fulfilling its
intended function.

Leveraging this platform, we conducted a preliminary genetic
screen to systematically identify upstream regulators of human myo-
blast fusion. This screen uncovered a large group of hits, revealing
protein interaction networks comprising 23 protein complexes across
diverse cellular pathways. We also validated the function for the
majority of these hits usingmyoblasts from various human donors and
anatomical sites, as well as in mouse primary myoblasts.

Our cross-referencing analysis with human medical database
revealed that mutations in 41 of our fusion screen hits cause human
diseases presenting abnormal skeletalmusclemorphology. Leveraging
a new single-cell CRISPR & RNA-seq approach, we uncovered the
broader roles of the fusion screen hits during human muscle differ-
entiation. Collectively, this study not only provides a fully validated
tool for quantitatively and systematically dissecting upstream reg-
ulators of human myotube formation, but also reports a group of
promising candidate genes crucial for human myogenesis and con-
genital muscle diseases.

Results
Validation of cellular models for studying human muscle dif-
ferentiation and fusion
We assessed the myogenic potential for a panel of human myoblast
lines derived from seven donors (Supplementary Fig. 1a, b). These cells
were generated previously following an established protocol35. Briefly,
NCAM1+ muscle precursor cells were isolated from skeletal muscle
biopsies across various anatomical sites, ages, and sexes. The cells
were then immortalized and clonally selected based on their high
myogenic potential, exhibiting differentiation index ranging from

94.6% to 98.7% and fusion index from 90.7% to 98.0% (Supplemen-
tary Fig. 1c).

Upon differentiation, the immortalized human myoblasts
robustly express skeletal myosin as well as the master regulators of
muscle differentiation, MYOD and Myogenin (MYOG) (Fig. 1a and
Supplementary Fig. 1d). To unbiasedly authenticate the myogenic fate
of these cells, we also conducted time-course RNA-seq analysis. This
revealed prompt induction for the expression of muscle differentia-
tionmarkers, includingMYH1,MYH2,MYH3,MYH7,MYH8,MYL1,MYL2,
and muscle fusogens (MYMK, MYMX) for myoblasts from all donors
(Fig. 1b). To assess the relevance of the cultured cells to in vivo human
myogenesis, we performed gene set enrichment analysis (GSEA) by
comparing myoblast transcriptomes to that of human fetal muscles1

(Supplementary Fig. 2a, b). This revealed a molecular signature of
cultured human myoblasts that closely mirrors human fetal muscle
differentiation program in vivo (Fig. 1c, Supplementary Fig. 2c). Genes
representing the core enrichment shared between the two tran-
scriptome datasets are summarized in Supplementary Data 1.

Normal diploidy in cells is essential for clear interpretation of
knockout (KO) effects in gene function study, ensuring consistent
gene copy number and reducing confounding from genomic
instability. Thus, we analyzed the karyotype for the immortalized
human myoblasts. Unlike the murine C2C12 myoblasts37, these human
myoblastsmaintain a normal stable diploidgenomeeven at a relatively
high passage of 20 (line AB1190, Fig. 1d). Together, these analyses
establish the human myoblast lines as ideal genetic models for
studying human myogenesis.

A new gRNA library tailored for CRISPR-KO screens in human
myoblasts
The scale and maneuverability of a CRISPR screening experiment are
linked to the size of the CRISPR library. CRISPR screens often employ
pre-made genome-wide libraries, wasting significant screening band-
width when a large number of target genes are not even expressed in
the targeted cells38. To tackle this, we designed a more cost-effective
andmuscle-targeted gene KO gRNA library, termedMyoCRISPR-KOLib.
This lentiviral CRISPR library targets 6896 genes (Supplementary
Data 2) that were consistently expressed above a relatively low
threshold (TPM> 1, RNA-seq) in human myoblasts from multiple
donors, either before or after myogenic induction (Fig. 2a). Although
this library targets only about one-third as many protein-coding genes
as genome-wide libraries, the selected genes collectively produce
approximately 90% of all human protein-coding transcripts expressed
at various stages of human myoblast differentiation (Fig. 2b).

The gRNAs for the selected genes were chosen from previously
reported genome-wide libraries, prioritizing those with top-ranking
predicted on-target and low off-target scores39,40. A pooled library of
synthesized oligonucleotides containing these gRNA sequences was
then cloned into a lentiviral backbone encoding a blasticidin resistance
gene and optimized for high-titer virus production41. Deep sequencing
of the plasmid library confirmed high cloning fidelity and uniform
representation of gRNA sequences (Fig. 2c).

To assess the efficacy of the MyoCRISPR-KOLib in targeting endo-
genous genes, we conducted a simplemyoblastfitness screen (Fig. 2d).
In this assay, gRNAs targeting genes essential for cell survival or pro-
liferation are expected to be depleted over time, whereas those tar-
geting negative regulators of cell fitness should become enriched.
Human myoblasts isolated from the paravertebral muscle of a healthy
donor (line AB1190, passage 4) were transduced with the lentiviral
library at a low multiplicity of infection (MOI) (MOI = 0.2), ensuring
that most infected cells received a single viral integrant and expressed
one unique gRNA, thereby disrupting only one gene per cell. After
transduction, uninfected cells were removed by drug selection, and
the remaining cells were cultured in growth medium. At multiple
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timepoints (T1–T5) during the culture, a subset of cells was harvested
for gRNA abundance analysis, while the restwere passaged tomaintain
continuous culture and prolonged selection pressure.

Because the lentiviral CRISPR vector integrates into the genome,
each infected myoblast carries a unique gRNA, denoted by a unique
color shown in Fig. 2d. At each time-point of sample collection, the
identity of the gRNA present in the cells was determined by extracting
genomicDNAand amplifying the gRNAcassette using primersflanking
the gRNA sequence. The resulting PCR products were purified and
subjected to next-generation sequencing to quantify and compare the
relative abundance of each gRNA over the time-course of the fitness
screen. Genes targeted by multiple gRNAs showing significant and
consistent changes were classified as hits (Fig. 2d’).

By this fitness screen, we were able to identify 419 genes
essential for human myoblast survival or proliferation

(Supplementary Data 3). Pathway analysis revealed significant
enrichment in genes involved in ribosomal structure and function
(e.g., RPL23A), mRNA processing (e.g., PCF11) and RNA transport
(Fig. 2e, f). Additionally, this screen also uncovered 47 negative cell
cycle regulators (Supplementary Data 4), including TP53 and NF2,
whose deletion led to marked enrichment of their corresponding
gRNAs (Fig. 2g, h). These results validate the efficacy of the
MyoCRISPR-KOLib and ourmolecular and computational pipelines for
gRNA detection and sequencing data analysis.

A rationally designed phenotypic readout strategy for quanti-
tative analysis of human myoblast fusion in a high-
throughput manner
The success of any genetic screen hinges on the ability to enrich
mutants that exhibit a specific and distinguishable biological
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phenotype. Myoblast fusion represents a critical step in skeletal mus-
cle development and regeneration, making it a relevant and quantifi-
able cellular phenotype for studying human myogenesis. To enable
selective enrichment of fusion-defective mutants, we aimed to couple
myoblast fusion to cell viability.

To this end, we developed a fusion-dependent cell-killing strategy
using a split toxin system. Specifically, two fragments of diphtheria
toxin A (DTA) were fused to bacterial intein fragments42: DTAN–InteinN
and InteinC–DTAC, and expressed separately in human myoblasts
(Fig. 3a). Each construct was verified to be non-toxic individually and
had no effect on myoblast viability or fusion capacity (Fig. 3b). How-
ever, when the two myoblast populations were co-cultured, cell–cell
fusion allowed reconstitution of the active toxin via intein-mediated

protein splicing inside the syncytium (Fig. 3a). This led to the selective
killing and detachment of multinucleated myotubes from the culture
(arrow, Fig. 3c).

After validating this cell-fusion readout strategy, we integrated it
into a complete screening platform to systematically identify key
upstream regulators of human myoblast fusion (Fig. 4a). Briefly,
human myoblasts isolated from the paravertebral muscle of a healthy
donor (line AB1190, passage 4) were first transduced with retrovirus
expressing DTAN–InteinN, followed by lentiviral transduction of the
MyoCRISPR-KOLib. After drug selection, the gene–edited myoblasts
were divided into two groups. The “killer” group was co-cultured with
myoblasts from the same donor stably expressing the complementary
toxin InteinC–DTAC. In this group, myoblast fusion will reconstitute
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DTA and selectively eliminate multinucleated cells. Fusion-defective
cells—due to CRISPR-induced loss-of-function mutations—do not
form syncytia andwould survive. In contrast, the control groupwas co-
cultured with DTAN–InteinN expressing myoblasts, so no active
toxin could form, and both fused and unfused cells remain
viable (Fig. 4a).

By design, if a gRNA targets a gene that is dispensable for myo-
blast fusion, cells carrying that gRNA will normally fuse and be elimi-
nated in the killer group. In contrast, if a gRNA targets a gene that is
essential for myoblast fusion, cells carrying that gRNA will survive and
be enriched in the killer group (Fig. 4b). Therefore, genes targeted by
multiple gRNAs that show significant enrichment in the killer group
relative to the control would be classified as essential for myoblast
fusion.

By this screen, we identified 250 hits (FDR < 0.1; p value <
0.0035) (Supplementary Data 5). Notably, fourteen hits are known
myogenesis genes4,9,43–48 including the muscle fusogen Myomaker
(MYMK),myogenic regulatorsMyf5 andMyoD, andMyoD-associated
inducers (CUL3, p38) and cofactors (TCF12, p300) (Fig. 4c). Most
non-targeting negative control gRNAs were enriched in the control
group (Supplementary Fig. 3a, b), likely due to passive statistical
compression caused by the abundant enrichment of hits in the killer
group. Although gRNAs for Myomixer and Myogenin, two well
established regulators of myoblast fusion5,10, showed weak yet sig-
nificant enrichment, they did not emerge to the top of the gene list
(Supplementary Fig. 3c, d). For Myomixer, one of the two gRNAs
targeted the C-terminal coding region that is dispensable for the
protein function10, possibly limiting gene KO efficiency (Supple-
mentary Fig. 3e).

To validate the screen hits, we employed two complementary
approaches. First, we generated a focused CRISPR library targeting the
top 250 hits and repeated the split toxin-based fusion screen in two
additional human myoblast lines, derived from fascia lata (Supple-
mentary Fig. 4a) and quadriceps (Supplementary Fig. 4b), as well as in
mouse primary myoblasts (Supplementary Fig. 4c). In all cells, gRNAs
targeting candidate genes showed consistent enrichment in the killer
group, despite somevariations in gRNAefficacy (Fig. 4d–f). Second,we
individually validated 125 randomly selected hits (Supplementary
Data 6) in human myoblasts without using split toxin. Disruption of
these genes led to significantly increased ratios of unfused cells com-
pared to non-targeting control gRNAs, indicating impaired fusion
(Fig. 4g, h). These results demonstrate the robustness of our fusion
screen across orthogonal genetic approaches and in both human and
mouse myogenic models.

High functional connectivity and clinical relevance of myoblast
fusion screen hits
To explore the functional relationships among the hits identified in the
myoblast fusion screen, we performed STRING analysis and con-
structed protein-protein interaction (PPI) networks based on experi-
mentally validated associations49. This analysis revealed 1286 PPIs
among the screen hits, significantly more than expected by chance
(p value < 1e–16) when compared to a randomized protein sets mat-
ched for the size and degree of distribution.

These interactions involve 160 fusion screen hits that cluster into
23 protein complexes (Fig. 5), the majority of which have not pre-
viously been functionally linked to skeletal muscle development in any
species. Notable examples include the SUMO activation complex
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(SAE1, UBA2, UBE2I), ISWI chromatin remodelers (SMARCA5, RBBP4,
BPTF), m6A mRNA modification machinery (METTL3, METTL14,
WTAP, ZC3H13), negative cofactor 2 complex (DR1, DRAP1), chaper-
onin TCP1 complex (CCT3, CCT5, TCP1), HOPS complex (VPS33A,
VPS39), RNA stability regulators (ILF3, DHX9), N-terminal acetylation
complex (NAA30, NAA35, NAA38), and dynein complex (ACTR10,
DCTN1, DCTN5, CAPZB, DYNLRB1) etc.

To assess clinical relevance of our discovery, we cross-referenced
the fusion screen hits with medical phenotype databases50. This
revealed 41 genes whose mutations cause human diseases character-
ized by abnormal skeletal muscle morphology (Phenotype Ontology
ID: 0011805) (Supplementary Data 7). These genes are labeled with an
alpha (α) in Fig. 5 and Supplementary Fig. 5. For instance, mutations in
CHAMP1 gene, a novel fusion screen hit, cause neurodevelopmental
disorders characterized by muscle developmental delay, hypotonia,
muscleweakness and facial dysmorphism51–54. Currently, little is known
about how CHAMP1 functions in muscle cells and why patient muta-
tions lead to muscle symptoms.

A parallel cross-referencing analysis of the fusion screen hits with
mouse phenome data identified 48 genes whose mutations cause
abnormal prenatal growth/weight/body size (Mammalian Phenotype
ID: MP 0004196). These genes are labeled with a beta (β) in Fig. 5 and
Supplementary Fig. 5. Together, these findings underscore the in vivo
functional roles and clinical significance of the genes uncovered in our
myoblast fusion screen.

Single-cell CRISPR and RNA-seq profiling of the cellular
mechanisms underlying themyoblast fusion defects for the hits
Defective myoblast fusion can arise from disruptions of muscle
fusion machinery (e.g., loss of Myomaker) alone or with a broader
impairment in the muscle differentiation program (e.g., loss of
MyoD). If the fusion defect is accompanied by a failure to initiate or
progress through myogenic differentiation, this should be reflected
in the transcriptomic profile of the affected cells. Therefore,
we applied a split-barcoding based single-cell RNA-sequencing
(scRNA-seq) technology55 to unbiasedly survey transcriptomic
changes for each fusion defective myoblast that survived in our
fusion screens.

Toward this goal, we employed a lentiviral CROP-seq construct
that expresses regular and polyadenylated gRNAs56, permitting
simultaneous CRISPR gene-editing and the detection of gRNA by
scRNA-seq, respectively (Supplementary Fig. 6). WT human myo-
blasts were transduced with newly generated lenti-CRISPR CROP-
seq library containing gRNAs targeting 250 screen hits at low
infection rates, ensuring single-gene perturbation per cell (Fig. 6a).
These cells underwent a similar cell mixing procedure as the initial
myoblast fusion screen, allowing enrichment and collection of
surviving mononucleated cells in the killer group before scRNA-seq
analysis. Most cells were collected after full-term myogenic
induction in differentiation medium (DM), while a subset
maintained in growth medium (GM) served as undifferentiated
controls.

Cell clustering and expression analysis identified 10 distinct
clusters (Fig. 6b’), with differentially expressed genes for each cluster
summarized in Supplementary Data 8. Among them, cluster #4,
cultured under GM-conditions, exhibited elevated expression of
proliferation markers, includingMKI67, CCND1, BUB1, CENPF, TOP2A,
as expected. The remaining nine clusters are from DM-culture con-
ditions. Four of these clusters (#1, #2, #5, #7) exhibited abundant
expression of myogenic markers including Myomaker and muscle
structural genes (e.g., MYOG, MEF2C, MYH3, MYH8, MYH7, CASQ2,
RYR1, TNNI1), whereas five others (#3, #6, #8, #9, #10) lacked
expression for these markers, suggesting compromised muscle dif-
ferentiation (Fig. 6b”).

As expected, gene ontology analysis of differentially expressed
genes between the GM and DM conditions highlighted pathways
associated with muscle development (Fig. 6c). From the top 1% of the
differentially expressed genes,we identified 253myoblastmarkers and
142 myocyte markers (Supplementary Data 9). These genes were use-
d in an algorithm for calculating expression-based “muscle differ-
entiation scores (MDS)” for individual cells detected in our scRNA-seq
CRISPR experiment.

To increase the power of statistical analysis, we aggregated all
cells expressing gRNAs targeting genes from the same protein com-
plex or pathway. This analysis revealed that cells transduced by gRNAs
targeting the MyoD–TCF12–p300 cofactor complex had the lowest
differentiation scores, while cells with gRNAs for Myomaker (MYMK)
scored the highest (Fig. 6b”’, d, e). These results align well with pre-
vious finding that MyoD deletion abolishes muscle differentiation and
fusion, while Myomaker KO eliminates fusion without impairing
myoblast differentiation9,25. Cells targeted by gRNAs from other pro-
tein complexes also showed reduced differentiation scores compared
to MYMK gRNA-expressing cells, albeit to varying degrees (Fig. 6d, e,
and Supplementary Fig. 7), suggesting broader defects in myogenic
differentiation.

We then assessed the enrichment of gRNAs in each cell
clusters. Along with Myomaker, gRNAs for pre-transcription and
mediator complex, ribosome, YPEL5 (Yippee Like 5) and RBMX (RNA
Binding Motif Protein X-Linked) were enriched in the well-
differentiated cell clusters (#1, #2, #5, #7) (Fig. 6f). In contrast,
gRNAs targeting MyoD, its cofactors (TCF12, P300), and other com-
plexes were enriched in the poorly differentiated clusters showing
distinct gene signatures (Fig. 6f). For instance, gRNAs targeting com-
ponents of m6A methyltransferase complex were significantly enri-
ched in undifferentiated cell cluster #6, characterized by elevated
expression of fibrin, type V collagen, and extracellular remodeling
enzyme ADAMTS12 (Fig. 6f).

To validate findings from the scRNA-seq analysis, we focused on
the m6A methyltransferase complex, which includes METTL3 and
METTL14 (catalytic subunits) and WTAP (a regulatory subunit)—all of
which emerged as hits in our myoblast fusion screen (Fig. 5) and were
predicted by scRNA-seq data to affect muscle differentiation. Using
CRISPR-induced mutagenesis in human myoblasts, we generated
stable gene KO lines, each carrying biallelic frameshift mutations in
one of these genes (Supplementary Fig. 8a). Indeed, immunostaining
of myosin revealed pronounced defect of myoblast fusion as well as
differentiation in all KO clones (Supplementary Fig. 8b). Tran-
scriptomeprofilingofMETTL3deficientmyoblasts further confirmeda
significant reduction of MYMK and muscle differentiation markers
(Supplementary Fig. 8c) and cell adhesion molecules (Supplementary
Fig. 8d), matching the finding from our scRNA-seq experiment. These
results suggest that myoblast fusion screen hits could regulate human
myoblast fusion with a broader effect on early-stage myogenic
differentiation.

Discussion
Wedeveloped and carefully validated a genetic screeningplatformand
conducted high-coverage screens that identified a large group of
previously unrecognized regulators essential for activating human
myoblast fusion.CRISPRperturbationof these genes showedmyoblast
fusion phenotypeswhen validated in cells derived fromvarious human
muscle tissues of different donors, as well as in mouse primary
myoblasts.

The strength of high-coverage screens lies in their ability to
identify genes essential for multi-stages of tissue development, in
this case, myoblast proliferation and fusion. Notably, 93 of the 236
fusion screen hits were associated with fundamental cellular
functions, including genes crucial for the composition and func-
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tion of spliceosome, ribosome, and pre-transcription complexes,
which also emerged as significant hits in our myoblast fitness
screen. Despite using the same set of gRNAs for both screens,
hypomorphic rather than null mutations likely predominated in
the fusion screen, allowing these cells to survive and be detected
in the fusion screen. Partial disruption of these genes may
have arrested the cells in a quiescent state with minimal
activity, impairing myoblast fusion. Additional power of unbiased
genetic screens lies in revealing networks connecting distinct
pathways. For instance, ZC3H13 from the m6A RNA methylation
pathway interacts with proteins in the mediator and pre-
transcription complexes, which then connect to ribosome/exo-
some complexes via POLR2C. These connections highlight
unknown interplays among cellular pathways essential for human
myogenesis.

Our single-cell CRISPR & RNA-seq profiling enabled sensitive
measurement of myogenic differentiation by leveraging a large
panel of gene markers, providing more accurate assessments than
conventional approaches relying on a few myogenic markers.
Results from these experiments suggest thatmany of ourmyoblast
fusion screen hits regulate myoblast fusion by controlling a
broader myogenic program upstream of myoblast fusion. Using
m6A regulatory complex as an example, we validated this finding
through gene-KO experiment and transcriptome analysis. Indeed,
genetic deletion of the key players (e.g., METTL3, METTL14, WTAP)
in this complex resulted in marked defects in both myoblast dif-
ferentiation and fusion. Notably, Myomaker expression was
strongly reduced. A limitation for our single-cell CRISPR & RNA-
seq analysis is the relatively low number of cells per gene, thus we
cannot determine whether a broader effect of differentiation
might also apply to singlet hits, i.e., those without known protein-
protein interaction partners among the fusion screen hits. We
anticipate that future functional studies for each individual hit will
offer fundamental insights into the regulation of myoblast differ-
entiation and fusion.

Despite the abundant new discoveries, our study has several
limitations. First, due to the inherently high fusion index (>90%) of
human myoblasts, our screen was not suited to identify negative
regulators of myoblast fusion–such as components of the Notch,
TGFβ and ERK signaling pathways20–24,57–59. Second, myoblast
fusion only represents a narrow time window of myogenesis.
Therefore, our screen cannot uncover mechanisms involved in the
earlier crucial stages of human myogenesis, such as myogenic
commitment3,7,60,61. We anticipate that genes identified in our
screen may play multifaceted roles prior to or following myoblast
fusion or in other tissues, which could influence the extent and
severity of muscle symptoms in patients carrying mutations in
these genes. Third, as with other genetic screens, not all known
regulators of muscle fusion were recovered in our preliminary
screen. This may reflect interspecies differences, functional
redundancy (e.g., cadherins, talin)62–64 or limitations of our CRISPR
library related to gRNA number and efficiency (e.g., MYMX,
MYOG)5,10. While most genes in the MyoCRISPR-KOLib are targeted
by three gRNAs, some genes (e.g., MYMX) are represented by only
two gRNAs due to constraints of the source library. As expected, in
a subsequent round of myoblast fusion screens targeting genes
with intermediate confidence (0.1 < FDR < 0.9), the statistical sig-
nificance of some weaker hits, including MYMX and MYOG,
improved substantially when six gRNAs were used, as is standard in
genome-wide screens. We anticipate that new screens employing
larger yet muscle targeted CRISPR libraries with more gRNAs for
genes missed in our preliminary screen (FDR > 0.9) will increase
statistical power and thereby enhance the sensitivity of hit
detection.

Collectively, our findings demonstrate the value of a rationally
designedCRISPR screening platform in uncovering novel regulators of
muscle development. Expanding the application of this approach will
facilitate the genetic dissection of muscle disorders characterized by
impaired differentiation and fusion.

Methods
Human myoblast isolation, culture and karyotype analysis
Human myoblasts were generated previously35 and were obtained
as de-identified materials. Primary cultures from muscle biopsies
were co-transduced with two retroviral vectors expressing hTERT
and CDK-4 cDNAs. Co-transduced cells were selected by neomycin
and puromycin and then purified using magnetic beads coupled to
antibodies directed against the myogenic marker CD56 (NCAM1).
Individual clones with high myogenic and fusion capacity were
selected (AB1190, AB1079, AB1436, AB1167, AB1023DMD11Q,
KM1421, AB1071DMD13PV). Human myoblasts are available upon
request from Dr. Vincent Mouly at vincent.mouly@upmc.fr. Pos-
sibly due to the immortalization and clonal expansion, these
human myoblasts loss expression of PAX7. Donor information for
each human myoblast line is provided in the Supplementary
Fig. 1b. Human myoblasts are maintained in skeletal muscle cell
basal medium (PromoCell, C-23260) supplemented with 15% fetal
bovine serum (FBS; Sigma-Aldrich, F2442), 5% growth medium
supplement mix (PromoCell, C-39365), GlutaMAX, and 1% genta-
micin sulfate. For differentiation, myoblasts were cultured in dif-
ferentiation medium comprising DMEM supplemented with 2%
horse serum, 10 μM DAPT (Cayman, 13197), and 1% penicillin/
streptomycin. Karyotype analysis was performed by KaryoStat™
Assay using Genechip Probe Array containing 1.1 million probes
across somatic and sex chromosomes.

Mouse primary myoblast isolation and culture
Primary myoblasts were isolated from the hind limb skeletal
muscles of 3-week old male and female mice (Jackson Laboratory,
C57BL/6 J). The muscle tissues were collected, minced and diges-
ted with collagenase type I and dispase B for around 40min. The
digestions were stopped with F-10 Ham’s medium containing 10%
FBS and centrifuged at 450 g for 5 min. Then the cells were seeded
on collagen-coated dishes and cultured in growth medium con-
taining F-10 Ham’s medium, with 20% fetal bovine serum
(FBS), 4 ng/mL basic fibroblast growth factor, and 1%
penicillin–streptomycin at 37˚ °C with 5% CO2. The medium was
changed every 2 days. Cells at passage 3–5 were used for the
experiments.

Retroviral expression vector cloning and retrovirus preparation
The retroviral expression vector pMXs-Puro (Cell Biolabs, RTV-
012) was used to construct gene expression vectors for this study.
The CHAMP1 open reading frame and its mutants were codon-
optimized and synthesized by Integrated DNA Technologies,
with sequences verified through Sanger sequencing or whole
plasmid sequencing. For rescue experiments, sgRNA-insensitive
DNA cassettes with silent mutations destroying the protospacer
or PAM sequence were designed and utilized. Retrovirus pro-
duction was performed by transfecting human embryonic kidney
293 cells with the retroviral plasmid using FuGENE 6 (Promega,
E2692). Viral supernatant was harvested two days post-transfec-
tion, filtered, and used to infect target cells in the presence
of polybrene (Sigma-Aldrich, TR1003-G). Infected cells were
switched to fresh culture medium 24 h post-infection. The DTA-
Intein construct structures and protein sequences are
provided below.
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Selection of target genes and the generation of MyoCRISPR-KO
KO sub-libraries
Protein-coding genes to be targeted by MyoCRISPR-KO libraries were
selected basing on the RNA-seq TPM value > 1 in human myoblasts,
either prior to or following myogenic differentiation. To generate the
library, gRNA sequences for the selected genes were extracted from
previously published CRISPR libraries39,40. gRNA sequences were fused
with BsmBI restriction sites and primer binding regions were synthe-
sized as oligo pools by GenScript (Supplementary Data 2).

Tominimize batch effects and increase themaneuverability of the
cloning and application of the library, the MyoCRISPR-KOLib was divi-
ded into nine sub-libraries, each containing ~2400 gRNAs—comprising
100 non-targeting control gRNAs and ~2300 gene-targeting gRNAs
(Supplementary Data 1). For each sub-library, gRNAs were amplified
from themaster oligo pool using a specific pair of primers via PCR. The
resulting PCRproductswere purified and subsequently cloned into the
plentiCRISPR v2-Blast gRNA vector (Addgene, 83480) using Golden
Gate assembly. The representation and accuracy of gRNA sequences in
the CRISPR plasmid library were validated through Illumina sequen-
cing (Admera) of gRNA readout PCR amplicons. The gRNA library can
be requested through contacting the corresponding author.

Muscle-targeted CRISPR screens in human myoblasts
Lenti-MyoCRISPR-KO KO sub-libraries were produced by transfecting
HEK293 cells (Clontech, 632180) with CRISPR plasmid libraries and
lentiviral packaging vectors, pMD2.G and psPAX2, using Fugene6.
After 18 h, the medium was replaced with fresh DMEM containing 10%
fetal bovine serum. Lentiviral supernatant was harvested 72 h post-
transfection, filtered through a 0.45 µm syringe filter (ThermoFisher),
and concentrated using the Lenti-X Concentrator (Takara). The viral
pellet was resuspended in Opti-MEM and stored at −80 °C. The
pMD2.G and psPAX2 vectors were gifts from D. Trono (Addgene,
12260 and 12259). Lentivirus titers were assessed using a blasticidin
selection assay with gradient viral dilutions.

Each sub-library was used to infect 42.2 million myoblasts (line#
AB1190, at passage 4 that stably expressing DTAN–InteinN) per repli-
cate, ensuring 17,575-fold library coverage—35 times the standard
CRISPR screen coverage38. The infectionwas controlled at aMOI of 0.5.
Infected cells were selected with 10 µg/mL blasticidin for one week,
then split into two groups: a control group mixed with the same split
toxin DTAN–InteinN myoblasts and a killer group mixed with the
myoblasts expressing complementary toxin InteinC-DTAC at a 1:1 ratio.
Each group has three replicates. After 24 h, cells were switched to
differentiation medium and harvested for genomic DNA extraction
5–7 days later, when large myotubes in the killer group are dead and
detached from the culture dish. Genomic DNAwas extracted using the
MasterPure Complete DNA and RNA Purification Kit (Lucigen,
MC85200) per the manufacturer’s instructions. gRNA sequences were
PCR-amplified using Herculase II Fusion DNA Polymerase (Agilent,
600679) with primers specific for readout PCR1. Each reaction

contained 5 µg of genomic DNA in a 50 µL volume, with cycling con-
ditions: 98 °C for 2min, 20 cycles of 98 °C for 30 s, 60 °C for 30 s, and
72 °C for 45 s, followed by a final extension at 72 °C for 3min. PCR1
products were pooled and used as templates for a second round of
PCR with indexing primers under similar conditions, reduced to 11
cycles. PCR products were visualized on a 1.5% TAE-agarose gel and
purified using 0.9× Agencourt AMPure XP Beads (Beckman). Indexed
PCR products were pooled and sequenced on an Illumina platform
with a sequencing coverage >1000× of the gRNA library size for each
sample. DNA sequencing data were analyzed using MAGeCK65 with
default settings. Enrichment of gRNAs in the killer versus control
groupsdetermined thedirectionof positive or negative scores. Protein
interaction networks were analyzed using STRING and visualized using
Cytoscape66, displaying interactions with experimentally determined
scores above 0.7 (high confidence).

Single-cell CRISPR screen and transcriptome profiling
A CRISPR-Cas9 mini-library targeting 250 candidate genes was cloned
into the CROPseq-Guide-Puro which was a gift from Christoph Bock
(Addgene plasmid # 86708)56. To increase the representation of
positive controls, the gRNAs forMyoD andMyomakerwere cloned at a
higher abundance. Human myoblasts at passage 4 expressing
DTAN–InteinN were infected with the lentiviral library at a low MOI
(MOI = 0.1), ensuring each cell received a single gRNA. Five days post-
infection, these myoblasts were mixed with InteinC-DTAC-expressing
human myoblasts at a 1:1 ratio. The mixed cells were cultured in dif-
ferentiation medium for six days following a 24 h co-culture period.
After the depletion of large myotubes, surviving muscle cells were
collected and processed for single-cell RNA sequencing using the
Evercode Whole Transcriptome kit (Parse, ECW02130) per the manu-
facturer’s protocol. Two sequencing libraries were generated: a whole
transcriptome library and a CRISPR gRNA library, both sequenced on
Illumina platforms. Sequencing data analysis was conducted using the
ParseBiosciences-Pipeline-v1.1.2.

Single-cell CRISPR screen analysis
The raw fastq trimming, alignment and generation of cell-gene matri-
ces was performed using the Parse split-pipeline 1.1.2 following the
manufacturer’s instructions. The cell-gene matrix data was processed
using the Scanpy package67 (version 1.9.6) in Python 3.8.18. Briefly, the
raw count data was imported from a sparse matrix format (.mtx file)
along with corresponding gene annotation and cell metadata files.
Prior to analysis, genes with missing annotations were removed from
the dataset. Gene names were assigned as unique identifiers, cell bar-
codes and CRISPR guide RNA information were incorporated as
observation names in the AnnData object.

Initial quality control filtering was performed to remove cells
expressing fewer than 300 genes and genes detected in fewer than 5
cells. To ensure reliable transcript counts, cells were further filtered to
retain only those with total transcript counts above 2000. Additional
quality control was performed to filter out the cells with more than
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60,000 transcripts and 10,000 detected genes to remove potential
doublets. Cells withmitochondrial gene content greater than 40%were
excluded to remove low-quality or dying cells. After quality control, we
obtained transcriptomes for 295,467 cells with an average of 20,127
reads per cell (5.9 billion total reads). The median number of tran-
scripts and genes detected per cell was 3755 and 2046, respectively.

The filtered data underwent total count normalization with a
target sum of 10,000 counts per cell and then log-transformed using
the natural logarithm to stabilize variance. Highly variable genes were
identified using Scanpy’s highly_variable_genes function with the fol-
lowing parameters: minimum mean expression: 0.015, maximum
mean expression: 3.0, minimum dispersion: 0.5.

For dimensionality reduction and clustering, principal compo-
nent analysis (PCA) was firstly performed using the ARPACK solver and
retained the top 30 principal components. Then 15 nearest neighbors
were used for neighborhood graph construction. After that, Uniform
Manifold Approximation and Projection (UMAP)68 was applied for non-
linear dimensionality reduction with minimum distance set to 0.1 and
spread parameter of 2. Finally, the Leiden clustering algorithm was
used for cell clusteringwith a resolution of 0.6, resulting in ten distinct
clusters69.

For the generation of the customMDS, the clustersweremanually
annotated based onmuscle differentiationmarker genes, categorizing
them into three main populations: differentiated muscle cell, non-
differentiated muscle cell, and growth medium (GM) muscle cell. Dif-
ferential expression analysis was then performed using the Wilcoxon
rank-sum test, comparing differentiated muscle cells against GM
muscle cells. Only cells from the no CRISPR guide RNA infection con-
dition were included in this analysis. After DE analysis, top 1% of dif-
ferentially expressed genes were identified as signature genes based
on absolute DE scores. The genes were then separated into two cate-
gories: positive gene that enriched in differentiated muscle cells and
negative genes enriched in GM muscle cells. A coefficient was then
defined to each gene according to the mean expression in corre-
sponding cell population. The coefficient was then normalized,
ensuring the value in positive genes sum to 1 and negative genes sum
to −1. The MDS for each single cell was then calculated as

MDS=w � x =
Xn

i= 1

wixi ð1Þ

where x = x1, x2, . . . , xn
� �

(2) represents the vector of expression
levels for n genes in a single cell. Each xi is the expression level of gene
i; and w= w1, w2, . . . , wn

� �
(3) represents the vector of coefficients

corresponding to each gene. The resulting MDS provides a quantita-
tive measure of cellular differentiation state, with higher positive
scores indicating greater differentiation.

RNA extraction and bulk RNA sequencing
Total RNA was extracted from human myoblast cells using TRIzol
reagent (Thermo Fisher Scientific, 15-596-018) according to the man-
ufacturer’s protocol. RNA quality and concentration were assessed
using a TapeStation, and only samples with an RNA Integrity Number
(RIN) above 9 were used for library preparation using the NEBNext
Ultra II Directional RNA Library Prep Kit (E7760L) with poly(A) selec-
tion. Next-generation sequencing was performed on an Illumina plat-
form by Admera, generating 150bp paired-end reads with a depth of
approximately 40 million reads per sample.

Bulk RNA sequencing data analysis
Raw sequencing data was processed with initial quality control (QC)
using FastQC (version 0.11.9: http://www.bioinformatics.babraham.ac.
uk/projects/fastqc) to assess read quality and MultiQC70 (version 1.14)
was used to aggregate and visualize quality control metrics across all
samples. After QC, raw sequencing reads were processed using fastp71

(version 0.23.2) for adapter trimming and reads filtering with the fol-
lowing filtering parameters: quality score threshold: 20, maximum
proportion of unknown bases (N): 10, maximum percentage of
unqualified bases: 30%. A reference human hg38 genome index was
constructed using HISAT2 (version 2.2.1) with the provided genome
sequence72. Cleaned readswere aligned to the reference genome using
HISAT2. Alignment outputs were converted to sorted BAM files using
SAMtools73 (version 1.6), and BAM files were indexed for downstream
analysis. Aligned readswere converted to normalized genomebrowser
tracks (BigWig files) using deepTools74 (version 3.5.2) with 1 bp bin size
for track visualization. Gene-level read counts were quantified using
featureCounts75 (Subread version 2.0.3) and differential expression
analysis was performed using DESeq276 (version 1.40.2) in R (version
4.3.1) combined with Benjamini-Hochberg multiple testing correction.
Gene Ontology (GO) enrichment analysis was conducted using
clusterProfiler77 (version 4.8.3) and the Homo sapiens annotation
database (org.Hs.eg.db, version 3.17.0) in R. RNA-seq data reported in
this paper have been deposited in theGene ExpressionOmnibus (GEO)
database under accession number: GSE293514.

Gene set enrichment analysis (GSEA)
We utilized a previously published human in vivo embryonic skeletal
muscle single-nuclei RNA sequencing dataset (EMBL Accession E-
MTAB-8813). For data preprocessing, we first consolidate cell type
annotations by combining related cell populations into muscle stem
cell, myoblast, myocyte, MYH3+ myocyte and MYL3+ myocyte. Differ-
ential gene expression was performed comparing myocyte to myo-
blast populations using Scanpy’sWilcoxon rank-sum test. Based on the
differential expression scores, top 200 upregulated genes and down-
regulated genes were selected and converted to.gmt reference gene
set, representatively. Transcriptome data (TPM) of human myoblast
cell lines from seven donors in differentiation or growth medium
conditionwere converted to.gct dataset file.Multiple GSEA78were then
performed to identify the correlation and similarity between in vivo
embryonic muscle development and in vitro myoblast differentiation.

Individual KO experiments in human myoblasts
sgRNAs targeting the coding regions of 125 fusion screen hits (Sup-
plementary Data 6) were individually cloned into the LentiCRISPR v2-
Blast vector and validated by Sanger sequencing. The LentiCRISPR v2
vector was generously provided by Mohan Babu (Addgene, plas-
mid 83480).

Immunostaining and microscopy
Cells werefixed in 4% paraformaldehyde (PFA) in PBS for 10minutes at
room temperature, permeabilized with 0.5% Triton X-100 in PBS, and
blockedwith 3% bovine serum albumin (BSA) in PBS for 1 hour at room
temperature. Primary antibodies (1: 500 dilution) used for immunos-
taining experiments are anti-MyoD (Novus Biologicals, NBP1-54153,
NB100-56511, 1.0mg/ml), anti-MYOG (DSHB, F5D), anti-myosin (DSHB,
MF20),MYH3 (DSHB, F1.652). Following blocking, cellswere incubated
with the primary antibody overnight at 4 °C, then with an Alexa
Fluor–conjugated secondary antibody (1:1000 dilution, Thermofisher
Scientific, A21127, A21242, A27034, A27036, A28177). Nuclei were
counterstained with Hoechst dye. Phase-contrast images were cap-
tured using a BioTek Lionheart FX automated microscope, and fluor-
escence images were acquired using either the BioTek system or an
Olympus FLUOVIEW FV1200 confocal laser scanning microscope.
Super resolution imaging was conducted with a Zeiss LSM 980 con-
focal microscope with Airyscan 2.

Differentiation index and fusion index measurements
The differentiation index was calculated as the proportion of nuclei
within MF20-positive cells relative to the total number of nuclei. The
fusion index was determined as the proportion of nuclei within
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myotubes (cells containing ≥3 nuclei) relative to the total number of
myosin expressing nuclei. Both indices were derived frommanual cell
counts, with treatment information blinded to maintain objectivity.

Statistics & reproducibility
All measurements were taken from distinct samples. Data were pro-
cessed using GraphPad Prism 9 software. For data presented in Sup-
plementaryData 3, 4, 5, the statistical analysis was performedusing the
MAGeCK pipeline with default settings. Statistical analysis was per-
formed using MAGeCK pipeline with default settings. Error bars in all
bar graphs represent standard deviation. Experiments were not ran-
domized, and investigators were not blinded to sample allocation or
outcome assessment. No statistical method was used to predetermine
sample size. No data were excluded from the analyses.

Ethical statement
All experiments involving recombinant DNA, human cells, third-
generation lentiviral and retroviral vectors, and diphtheria toxin
were conducted in compliance with institutional biosafety regulations
and under the approval of the University of Georgia Institutional Bio-
safety Committee (IBC protocol no. 2023-0076). Human myoblasts
were generated previously35 and were obtained as de-identified
materials. All animal experiments followed the ARRIVE guidelines
and were approved by the University of Georgia Institutional Animal
Care and Use Committee (IACUC; Animal Use Protocol A2025 01-008-
Y1-A0). Mice were fed PicoLab Rodent Diet 20, irradiated (5053) with
ad libitum access to chow and fresh water under standard vivarium
conditions. No dietary restrictions were applied during experiments.
Mice were housed in a UGA facility on a 12:12 h light/dark cycle, at
20 °C–22 °C, with 40–60% relative humidity, in accordance with UGA
IACUC and the Guide for the Care and Use of Laboratory Animals.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All analyzed gene values for CRISPR screens are provided in Supple-
mentary Data 3, 4, 5. All sequencing data for bulk RNA-seq and single-
cell RNA-seq & CRISPR screens generated in this study is available in
Gene Expression Omnibus (GEO) repository under the accession
number GSE293514 and are publicly available. Source data are pro-
vided with this paper. All other data are available in the article and its
Supplementary files or from the corresponding author upon request.

Code availability
Code used for the DNA sequencing data analysis performed in this
study is fully available on GitHub: https://github.com/
ZhengZhang991012/MyoCRISPRScreen_NatCom.
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