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ABSTRACT

Myoblasts are precursor skeletal muscle cells that
differentiate into fused, multinucleated myotubes.
Current single-cell microfluidic methods are not op-
timized for capturing very large, multinucleated cells
such as myotubes. To circumvent the problem, we
performed single-nucleus transcriptome analysis.
Using immortalized human myoblasts, we performed
RNA-seq analysis of single cells (scRNA-seq) and
single nuclei (snRNA-seq) and found them compara-
ble, with a distinct enrichment for long non-coding
RNAs (IncRNAs) in snRNA-seq. We then compared
snRNA-seq of myoblasts before and after differen-
tiation. We observed the presence of mononucle-
ated cells (MNCs) that remained unfused and ana-
lyzed separately from multi-nucleated myotubes. We
found that while the transcriptome profiles of my-
oblast and myotube nuclei are relatively homoge-
neous, MNC nuclei exhibited significant heterogene-
ity, with the majority of them adopting a distinct mes-
enchymal state. Primary transcripts for microRNAs
(miRNAs) that participate in skeletal muscle differen-
tiation were among the most differentially expressed
IncRNAs, which we validated using NanoString. Our
study demonstrates that snRNA-seq provides reli-
able transcriptome quantification for cells that are
otherwise not amenable to current single-cell plat-
forms. Our results further indicate that shRNA-seq
has unique advantage in capturing nucleus-enriched
IncRNAs and miRNA precursors that are useful in
mapping and monitoring differential miRNA expres-
sion during cellular differentiation.

INTRODUCTION

Approximately 40% of the human body consists of skeletal
muscle (1). The minimum functional unit of skeletal mus-
cle is the multinucleated myotube, which originates from
fusing myoblasts. Muscle cell differentiation (myogenesis)
entails activation of muscle-specific transcription network
governed by four partially-redundant muscle-specific reg-
ulatory factors (MRFs) (Myf5, MyoD1, Myogenin and
MRF4/Myf6) working together with E proteins and MEF2
family members (2). Molecular and genetic experiments in
vivo in mice, chicken and Drosophila over the last decades
have uncovered the genetic and epigenetic networks critical
for skeletal muscle differentiation (3-5). In vitro, the precise
process of myogenesis has been extensively studied using the
murine immortalized C2C12 myoblast cell line as a model
system because of its high proliferation and differentiation
capacities (for examples of genome-wide studies, see (6-9)
among many others). However, similar progress in human
myogenesis has been limited by the lack of a convenient hu-
man myogenesis model system and the high heterogeneity
of primary human muscle cells.

Scalable single-cell RNA sequencing (scRNA-seq) using
platforms such as Fluidigm (10,11) and drop-seq (12,13) has
revolutionized the study of cell-to-cell transcriptome het-
erogeneity. These methods have enabled large-scale charac-
terization of cell-to-cell heterogeneity and distinct subpop-
ulations of cells in tissues as well as in the defined inter-
mediary states during cell differentiation (10-14). In partic-
ular, methods such as Monocle (15) have been developed
to deconvolve time courses of development in differenti-
ating cells where collected time points can consist of mix-
tures of cells in different states or stages of differentiation.
The power of Monocle was demonstrated elegantly using
human skeletal myogenesis on the Fluidigm platform, in
which primary human myoblasts were differentiated into
myocytes and myotubes (15). However, a critical limitation
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of the Fluidigm microfluidic chips is the size restrictions on
cells that can be captured for single-cell analysis. Mature
multinucleated myotubes, which are typically longer than
100pm, are too large to be captured on the largest-size chip
designed for cells up to 30pm. This issue limited the pre-
vious analysis to unfused cells or smaller, less mature my-
otubes. A potential solution to this problem is to isolate cell
nuclei and perform RNA-seq on single nuclei as has previ-
ously been done manually in a dozen neurons (16).

We report the successful use of single-nucleus RNA se-
quencing (snRNA-seq) to analyze gene expression profiles
of large myotubes compared to myoblasts and differentiated
MNC s on the Fluidigm platform using the immortalized
human Hu5/KD3 myoblast cell line (KD3). This line was
derived from a single clone of abdominal muscle cells that
were immortalized using hTERT with pl16'NK4_resistant
R24C mutant CDK4 (mtCDK4) and cyclin D1 (17). KD3
exhibits a normal karyotype and the phenotypic character-
istics of its primary parent cells (including doubling time)
as well as the ability to undergo myogenic terminal differ-
entiation in vitro and in vivo with no evidence of transfor-
mation (i.e. anchorage-independent growth in vitro or tu-
mor formation in vivo) (17). KD3 has all of the attributes
for serving as an ideal system to study human myogene-
sis using functional genomics. Comparison of scRNA-seq
and snRNA-seq in myoblasts indicate that we can recover
comprehensive single-nucleus transcriptomes that are com-
parable to single-cell transcriptome with higher enrichment
of long-noncoding RNAs (IncRNAs) in snRNA-seq. We
then compared single-nuclei from myoblasts as well as my-
otubes and MNC:s that did not fuse after 72 h in differen-
tiation medium. We found relative uniformity of transcrip-
tional profiles in myoblast and myotube nuclei. In contrast,
greater heterogeneity was observed in the MNC nuclei, with
the majority of them showing a non-myoblast, mesenchy-
mal profile, providing the evidence for alternative differen-
tiation. We also analyzed the expression of IncRNAs and
found that some of them represent primary miRNAs (pri-
miRNAs) that are differentially expressed between the three
samples. Corresponding miRNA expression was validated
using the NanoString platform. Thus, snRNA-seq has dis-
tinct advantages in characterizing nuclear IncRNAs and is
highly instrumental in deconvolving fate heterogeneity dur-
ing myoblast differentiation.

MATERIALS AND METHODS
Human myoblast culture

Hu5/KD3 (KD3) cells were grown on dishes coated with
collagen in high glucose DMEM (Gibco) supplemented
with 20% FBS (Omega Scientific, Inc.), 1% Pen-Strep
(Gibco), and 2% Ultrasor G (Crescent Chemical Co.) (17).
Upon reaching 80% confluence, we induced differentiation
using high glucose DMEM medium supplemented with 2%
FBS and ITS supplement (insulin 0.1%, 0.000067% sodium
selenite, 0.055% transferrin; Invitrogen). Fresh differenti-
ation medium was changed every 24hrs. Myotubes and
MNCs were harvested at 72 h after induction of differen-
tiation.
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Separation of myotubes and MINCs, and single nucleus ex-
traction

In order to separate MNCs from multinucleated myotubes,
6 cm tissue culture plates were washed with PBS twice fol-
lowed by the addition of 1.5 ml trypsin/EDTA (Invitrogen).
We monitored the plate with a microscope at room tem-
perature and tapped the plate repeatedly. After 1-2 min,
the MNCs detached first, and we took the supernatant
and washed the plate gently with PBS twice. The PBS was
combined with the supernatant to recover MNCs. My-
otubes were still attached on the plate and we used a cell
scraper to scrape them out. After the cells were lifted by
trypsin/EDTA or cell scraper, they were pelleted at 1000 x
g, 4°C for 5 min. The cell membrane was ruptured with cold
cell lysis buffer (10 mM Tris—HCI, pH 7.4, 10 mM NacCl, 3
mM MgCl,, 0.005% IGEPAL CA-630) for 4-5 min and the
lysis efficiency was checked by Trypan blue (Lonza) stain-
ing. The nuclei were then pelleted at 500 x g, 4°C for 5 min
and resuspended in cold PBS buffer. We used less IGEPAL
CA-630 than usual for cell lysis in order to preserve intact
MNC nuclei. We found that the KD3 myotube nuclei re-
covery efficiency after lysis is 50-60%, compared to 70-80%
from myoblast or MNC, but believe that the amount of
IGEPAL will need to be optimized for specific cell samples.
Suspended nuclei were passed through Falcon 40 pm cell
Strainer (Fisher Scientific) to remove cell debris.

Single nucleus capture, RNA-seq library construction and se-
quencing

Single cells and nuclei were isolated using the Fluidigm Cl1
System. We used the largest integrated fluidic circuits (IFCs)
of 17-25 pm for KD3 cells. Single nuclei C1 runs were com-
pleted using the smallest IFC (5-10 wm). Cells were loaded
at an approximate concentration of 400 cells/pl in a total
of 50 wl. Each individual capture site was visualized to en-
sure single cell or single nucleus capture. After visualization,
the IFC was loaded with Clontech SMARTer kit lysis, RT,
and PCR amplification reagents. Lysis, RT and PCR am-
plification was completed overnight and harvested the fol-
lowing day. After harvesting, all cDNA was normalized be-
tween 0.1 and 0.3 ng/pl and libraries were constructed us-
ing Illumina’s Nextera XT library prep kit per Fluidigm’s
protocol. Constructed libraries were multiplexed and puri-
fied using AMPure beads. The final multiplexed library was
analyzed on an Agilent 2100 Bioanalyzer for fragment dis-
tribution and quantified using Kapa Biosystem’s universal
library quantification kit. The library was normalized to 2
nM and sequenced using the Illumina NextSeq500 system
to an average depth of 1.0-6.0 million reads per sample us-
ing paired 75bp reads.

Read alignment

KD3 single-cell RNA-seq reads were aligned using STAR
v.2.4.2a (18) with parameters ‘—outFilterMismatchNmax
10 —outFilterMismatchNoverRead Lmax 0.07 -
outFilterMultimapNmax 10’ to the reference genome
GRCh38/hg38. We used STAR to then convert to
transcriptome-based mapping and gene expression was
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measured using RSEM v.1.2.12 (19) with expression values
normalized into transcript per million (TPM).

Gene filtering for protein-coding genes and IncRNA analysis

Libraries with mapped read number <300 000 or mapping
percentages <50% were filtered out as were cells with <1000
genes expressed with TPM > 1.0. The TPM and count of
each sample were merged into matrices, respectively. The
mitochondrial genes were filtered out to limit the differen-
tial effects of varying mitochondrial contamination in the
nuclei pellet after cell lysis. Genes with multiple Ensembl
IDs were further processed to keep the ID from the gene
with the highest TPM. The average TPM of each gene in
the single-nuclei matrix was calculated and only those genes
with average TPM > 1.0 were kept. The number of nuclei
expressing a given gene served as the final filter. Genes with
TPM > 1.0 in at least five nuclei (for IncRNA analysis, 13
182 genes) or 10 nuclei (for other analyses, 11 004 genes)
were included in the final matrices. A pseudocount of 0.1
was added to each value for logarithmic calculation. The
merged count matrix was used in differential gene analy-
sis and the merged TPM matrix was used to make graphs.
Fastq files and processed data matrices were deposited in
GEO with the accession ID GSE79920.

Differential gene expression analysis

Differential expression analysis was performed using edgeR
v.3.2.2 (20). For the differential expression analysis of all
genes (protein-coding genes and IncRNAs), differentially
expressed genes were selected using fold change (FC) >4
and false discovery rate (FDR)<0.001. For our IncRNAs-
centric analysis, differentially expressed ones were selected
using FC >4 and FDR <0.05, which is less restrictive.

qPCR verification of scRNA-seq and snRINA-seq results

The harvested cDNA from Fluidigm C1 system after pre-
amplification but before library construction was used to
test individual cells by qPCR. 5ul cDNA was diluted by
four times and 1wl of diluted cDNA was used for each
qPCR reaction. We used SsoAdvanced SYBR Green Super-
mix (Bio-Rad) to set up the assay on the Bio-Rad CFX96
real-time system. Each reaction was set up with 10 pl su-
permix, 1 pl template, 1l forward and reverse primer (10
pM) each and 7 pl ddH,O to bring up the volume to 20
wl. The program was 95°C for 1 min, followed by 95°C for
15 s and 58°C for 20 s for 40 cycles, then finalized by melt-
ing curve generation. The qPCR data was processed with
Bio-Rad CFX Manager program. Ten cells were selected
randomly from each cell type. We used two reference house-
keeping genes GAPDH and UBC to normalize the variation
of input material amount (21,22). The geometric average of
GAPDH and UBC levels was applied as internal control for
this normalization (22,23). Primer pairs were designed for
the 3’-end of the genes in order to match the SMART-seq re-
sults. Most of the primers do not span an exon junction and
we therefore designed a primer pair that covers the last exon
of NEURODI as a negative control to determine whether
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any remaining trace amount of genomic DNA could con-
taminate the cDNA. Primer sequences are in Supplemen-
tary Table S1.

LncRNA association with neighboring protein-coding gene

For protein-coding genes, we merged the coordinates of
transcripts from GENCODE GRCh38 version 23 anno-
tations (24) for the same genes. We defined IncRNA and
protein-coding gene as neighbors when the maximal dis-
tance between their gene bodies is <10 kb. We ignored
the strandedness of the IncRNAs and protein-coding genes
because the full set of neighboring protein-coding genes
are needed to annotate the function of differentially ex-
pressed IncRNAs that are convergently or divergently tran-
scribed (25,26). We found no significant difference with
our unstranded results for gene expression and gene ontol-
ogy when categorizing IncRNAs and protein-coding gene
neighbors based on strand. We kept neighboring protein-
coding genes that shared the same regulation direction (up
or down) with differentially expressed IncRNAs in the fi-
nal list for downstream Gene Ontology (GO) analysis. GO
analysis was performed with Metascape (27) using the hy-
pergeometric test corrected P-value lower than 0.05. In or-
der to test the significance of the correlation in expression
between IncRNAs and neighboring genes, we performed
1000 random permutations of IncRNA and gene pairs, and
calculated the Pearson correlation coefficient for each per-
mutation and P-values based on the distribution.

NanoString miRNA assay and SMART-seq coverage analy-
sis of pri-miRNA

Total RNA samples were extracted with QTAGEN R Neasy
Plus Micro kit from pools of KD3 myoblast, myotube and
MNC cells. 100ng of total RNA was used for each NanoS-
tring assay and two biological replicates from each differen-
tial stage were included. The human miRNA NanoString
probe set version 2.1 was used for all the assays, which were
performed using the standard NanoString protocol (28).
The raw counts were normalized by the total counts of all
the tested miRNA and housekeeping genes in order to com-
pensate for variations introduced by experimental proce-
dure and counts were averaged between replicates. MiRNAs
with counts lower than 50 in myoblast, myotube and MNC
were filtered out and the remaining 490 miRNAs were used
to calculate corresponding SMART-seq coverage. We used
coordinates of miRNAs and IncRNAs from GENCODE
GRCh38 version 23 (24).

Messenger RNA SMART-seq coverage was measured
within 3kb of miRNAs by using bedtools/2.19.1 (29). We
defined a IncRNA as neighboring a miRNA when (i) the
IncRNA and miRNA are transcribed from the same strand
and (ii) the IncRNA overlaps with the miRNA or the
IncRNA is within 3 kb of the miRNA. We considered
the IncRNA to be the pri-miRNA when overlapping the
miRNA and being transcribed from the same strand.
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RESULTS

Single nucleus RNA-seq faithfully recapitulates the tran-
scriptome of single whole cells

The large-size Fluidigm C1 chip can capture cells with di-
ameter up to 30 wm. However, the length of differentiated
myotubes are usually far above this upper limit as large
myotubes can reach several hundred micrometers in length
(Supplementary Figure S1). In order to study the transcrip-
tome of full-size single myotubes with Fluidigm, we investi-
gated the possibility of capturing single nuclei on the small-
est microfluidic chip. In order to confirm that this approach
is viable, we first compared single-cell and single-nucleus
transcriptomes of undifferentiated KID3 myoblasts (Figure
1A; Supplementary Figure S2). The myoblasts were grown
at low confluence (30%) before harvest to prevent premature
differentiation. Nuclei were released with cell lysis buffer
and ~80-90% of nuclei were recovered based on calculating
the ratio of nuclei to myoblasts. The diameter of myoblast
nuclei is 5-10 pm, which fits well on the small-size Fluidigm
chip. We constructed snRNA-seq libraries from the cDNA
produced by the Fluidigm C1 using the SMART-seq proto-
col. As control, KD3 myoblast single cells with diameter of
15-20 pm were captured with the large-size chip and built
into libraries. Both single cell and single nucleus myoblast li-
braries were sequenced at depths of 1-3.0 million reads and
the percentage of reads mapping to the genome averaged
between 80 and 90% (Supplementary Figure S3A).

The median numbers of genes with TPM > 1.0 averaged
7091 in single cells and 4550 in single nuclei (Supplementary
Figure S3B). There were 13 371 genes with TPM > 1.0 in at
least five single cells and 11 414 genes with TPM > 1.0 in
at least 10 single cells, compared to 10 703 and 8112 respec-
tively in single nuclei. Two-way hierarchical clustering of all
the data identified two outliers in the 75 myoblast single cell
samples (Supplementary Figure S4A). These outliers were
the only two myoblast cells with <4000 genes with TPM >
1.0, suggesting that reverse transcription could have been
less successful for these cells. We excluded these cells from
downstream analyses. We further eliminated from analysis
myoblast single nuclei with <4000 expressed genes, leaving
37 of 58 myoblast single nuclei for analysis. Since we had
more cells than nuclei, we picked 37 cells with the highest
MYF5 expression level to compare with the single nucleus
samples (Supplementary Figure S4B).

The expression level of 8943 (81.3%) genes showed no
significant difference between single cell and single nucleus
data using a FDR < 0.001 and minimum fold change of 4
(Figure 1B). 1794 (16.3%) genes were enriched in single nu-
clei, 395 (22.0% of 1794 genes) of which were IncRNAs. In
contrast, only 267 (2.4%) genes were enriched in the single
whole cell samples, out of which only 10 genes (3.7% of 267
genes) are IncRNAs. Some well-studied IncRNAs involved
in genome organization such as XIST (30) are at least 10-
fold enriched on average in single nuclei, suggesting that a
comparison of single cells and single nuclei can identify the
subset of IncRNAs with nuclear functions (Figure 1B). We
further found that H/9 is enriched in our snRNA-seq. The
enrichment of XI/ST and H19 in snRNA-seq over scRNA-
seq was further confirmed by qPCR (Supplementary Fig-
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ure S5A). H19 is highly expressed during fetal development
but is repressed in adult tissues except skeletal muscles (31).
Although H19 RNA has been reported to play a cytoplas-
mic role (32,33), H19 IncRNA also recruits methyl-CpG-
binding domain protein 1 (MBD1) to mediate epigenetic si-
lencing at imprinted gene loci and also interacts with poly-
comb repressive complex 2 (PRC2), indicating its role in the
nucleus (30-35). Thus, H19 RNA appears to play multiple
roles in both the cytoplasm and the nucleus. Myogenesis
and cell cycle-related genes showed similar expression pat-
terns in myoblast single cells and single nuclei (Figure 1C).
Factors that control myoblast proliferation such as CDC20
and /D1 were highly expressed at similar levels in both sin-
gle nuclei and single cells (Figure 1C) (36,37). Genes in-
volved in DNA replication and repair such as PCNA and
RADS51 also showed similar levels of expression, indicating
the normal progression of cell cycle in KD3 myoblasts (Fig-
ure 1C and D) (38). The MRF M YF6 showed no difference
whereas M YOD1 was expressed at a relatively low level in a
few samples whether in cells or nuclei. Myogenin (M YOG ),
which is the MRF whose expression is associated with my-
oblast differentiation (5), is not expressed in any of the my-
oblast samples. This indicates that our myoblasts were un-
differentiated. M YF5 was the most highly expressed MRF
in KD3 myoblasts. It was enriched more in the single whole
cell samples (Figure 1C and D) partly because we selected
single cell samples with the highest M YF5 levels in order to
have comparable numbers of single cell and single nucleus
samples. Taken together, the majority of the transcriptome
characterized by scRNA-seq can also be accurately recapit-
ulated by snRNA-seq.

Isolation of nuclei from multinucleated myotubes and
mononucleated cells (MNCs) that fail to undergo cell fusion

We optimized our differentiation protocol to achieve
greater than 80% of nuclei found in multi-nucleated my-
otube after 3 days of differentiation (Supplementary Fig-
ures S1 and S2). We observed significant upregulation of
MYOG and myosin heavy chain by immunofluorescent
staining correlating with myotube formation (Supplemen-
tary Figure S1). The rest of the cells (<20%) remained un-
fused (i.e. MNCs) and resided between myotubes (Supple-
mentary Figures S1 and S2). In order to study the differ-
ences between myotubes and unfused MNCs, we used a
short trypsin/EDTA treatment to separate them prior to
nucleus isolation (Figure 1A; Supplementary Figure S2).
While the length of KD3 myotubes is typically longer than
100 pwm, MNCs are even smaller than undifferentiated my-
oblasts. However, their nucleus sizes were all within 5-10
pm and we therefore used the same Fluidigm chip that we
used for myoblast nuclei (Supplementary Figure S2). Li-
braries were sequenced to depths of 1-6 million reads (Sup-
plementary Figure S3A).

Comparison of single-nucleus transcriptomes of myoblasts
and myotubes

Hierarchical clustering of 11 004 genes expressed above 1
TPM in at least 10 single nuclei collected from myoblasts
(54 out of 58 nuclei passing filter), myotubes (44 out of 50
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Figure 1. KD3 myoblast snRNA-seq faithfully captures the transcriptome identified by scRNA-seq. (A) Workflow of snRNA-seq assays for KD3 myoblast,
myotube, and MNC:s after differentiation, together with the scRNA-seq on myoblast. (B) Gene expression Fold change (FC) curve of single-nucleus versus
single-cell RNA-seq data. We used maximum FDR 0.001 and minimum FC of 4 to identify differential genes. Genes with higher expression in single-
nucleus data are highlighted in green and those higher in single-cell data are highlighted in orange. Purple genes pass neither FDR nor FC threshold and
are considered as non-differential. (C) Expression of selected myogenic, cell cycle and IncRNA genes (orange for single-cell and green for single-nucleus).
(D) Violin plots of representative genes measured in TPM. P-values are calculated with edgeR.
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nuclei), and MNCs (35 out of 70 nuclei) showed the rela-
tive homogeneity of myotubes and myoblasts in contrast
to the marked heterogeneity of the MNCs (Figure 2A, B;
Supplementary Figure S6A). Nuclei from a cluster of 41
myoblasts (‘cluster 5 in Supplementary Figure S6B) ex-
pressed high levels of CDK1, CDC20, ID1, ID3 and PCNA,
which are hallmarks of proliferating cells, but exhibited no
or low expression of M YOG and Titin (TTN) that are asso-
ciated with myogenic differentiation (Figure 2C) (39). The
gene expression pattern of myogenic and cell cycle-related
genes was also relatively uniform in myotubes (cluster 1 in
Supplementary Figure S6B) and showed decreased expres-
sion of the cell proliferation genes described above as well
as M YF5, along with significant upregulation of myogenic
differentiation marker genes, such as M YOG, TTN, myosin
heavy chain 3 (MYH3), and MYBPH, as expected of ma-
ture myotubes (Figure 2A, C). The expression profiles of
the 13 myoblast nuclei clustered with myotubes (2 in cluster
1 and 11 in cluster 2) were similar to that of the main my-
oblast cluster (cluster 5) including no M YOG expression,
except that their CDC20 levels were low. Further analysis
reveals that these myoblast single nuclei have fewer than
4000 genes expressed above 1 TPM, which may contribute
to their clustering with myotube nuclei that have fewer genes
expressed on average (Supplementary Figure S3B). We also
checked the expression levels of the three genes hTERT,
CDK4 and CCNDI used to immortalize KD3. We found
that h”TERT is only expressed at a modest level in KD3.
CDK4 was expressed at twice the level in KD3 asin HSMM,
while CCNDI levels were comparable, which is consistent
with the lack of carcinogenicity or interference with my-
otube differentiation (17). Nevertheless, all three genes are
slightly down-regulated in differentiated myotubes as well
as MNCs compared to myoblasts even though this does not
reach the level of statistical significance (Figure 2A; Supple-
mentary Figures S6B and S7; Tables S2-S4).

snRNA-seq of MINCs reveal cell fate heterogeneity

Differentiated MNCs showed the highest expression het-
erogeneity (Figure 2A, B; Supplementary Figure S6). The
largest MNC cluster (cluster 6) consisted of 21 nuclei with
no expression of CDC20, CDKI, or M YOG together with
low expression of M YF5. All these characteristics implied
that they were distinct from proliferating myoblasts and
showed no evidence of myotube differentiation. These cells
showed distinct upregulation of IDI and ID3, which are
basic helix-loop-helix (b HLH) repressors normally silenced
during myotube differentiation (36,37). Ten of these nuclei
were SPHK]I-positive, which is a hallmark of mesenchymal
cells (MSCs) (15) (Figure 2A, C; Supplementary Figures
S6B and S8A). SPHKI was expressed higher in MNCs than
in myoblasts (Figure 2A, C; Supplementary Figure S6B).
These results are similar to the mesenchymal cluster found
in HSMM with Monocle, where these cells were thought
to be the contaminants of interstitial MSCs in their pri-
mary muscle cell culture (15). However, since the KD3 line
is monoclonal and we did not find any cell population in
our myoblast data that exhibited a similar phenotype, our
results raise the possibility that these MNCs were derived
from myoblasts by ‘alternative differentiation’.
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A smaller cluster of six MNC nuclei (cluster 4 in Sup-
plementary Figure S6B) were more closely related to my-
oblasts with intermediate characteristics of both myoblast
and myotube. Although they no longer expressed CDC20
and had lower expression levels of CDKI as well as ID],
their levels of PCNA, M YF5 and ID3 were still comparable
to those of proliferating myoblasts. At the same time, de-
spite the low expression of mature myotube markers such as
TTN and M YOG, and the absence of MYH3 and MYH?,
these clustered nuclei have upregulated expression of eno-
lase 3 (ENO3) and myocyte enhancer factor 2C (MEF2C),
which mark the onset of myogenic differentiation (15).
These MNC nuclei are most likely myocytes in the transi-
tion state between myoblast and myotube (Figure 2B). An-
other eight MNC nuclei are dispersed in the myotube cluster
1 (Supplementary Figure S6B). Further analysis revealed
that these eight nuclei have also the lowest number of ex-
pressed genes and a couple of them do not even have de-
tectable GA PD H expression. These may be either dying cells
or nuclei with poor RNA capture rates. This is in contrast
to the MNC nuclei that we identified as myocytes in cluster
4, which have among the highest detected gene numbers.

Comparative analysis of mesenchymal MINCs with myoblasts
and myotubes

We selected a subsample of nuclei that best represented the
myoblast, myotube, and mesenchymal MNCs with a high
number of expressed genes. We selected the myoblast nuclei
with the highest CDC20 expression, the 21 MNC nuclei that
are mesenchymal-like, and the 21 myotube nuclei with the
highest TTN expression for comparison with similar power
(Figure 2A). Principal Component Analysis (PCA) with all
expressed genes showed that the three nuclei populations
clustered distinctly (Figure 3A and B). We find that PC1
corresponds to the number of genes detected while PC2 sep-
arates multinucleated myotubes from mononucleated my-
oblasts and MNCs (Figure 3B). This result is consistent
with our previous finding that upon differentiation into my-
otube and MNC, the number of expressed genes decreased
in comparison to that in undifferentiated myoblast (Supple-
mentary Figure S3). Even with myoblast scRNA-seq data
included, the clustering pattern of the three snRNA-seq
samples remains similar (Figure 3C and D). Interestingly,
the PCA of the snRNA-seq data is the mirror image of
those in Figure 3A and B minus the scRNA-seq data as the
myoblast sScRNA-seq cluster is separated from snRNA-seq
clusters. However, the myoblast snRNA-seq cluster is still
the closest to the myoblast scRNA-seq (Figure 3). We iden-
tified differentially expressed genes with FDR <0.001 and
minimum fold change of 4 and called 9-20% of the genes as
differentially expressed in one or more conditions (Figure
2C; Supplementary Tables S2-S4). GO analysis of differen-
tially expressed genes between myotube and myoblast nuclei
reflected different stages of myogenesis (Supplementary Ta-
bles S2 and S5). Genes upregulated in myotube are enriched
in skeletal muscle development and functions, while the
genes highly expressed in myoblast are mainly involved in
cell cycle progression and mitosis, which is characteristic of
proliferating myoblasts as described above. The differences
between myotubes and MNCs stand out (Supplementary
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Figure 2. Differentially expressed genes between nuclei of KD3 myoblast, myotube and MNC. (A) Expression heatmap of selected myogenic and cell cycle
genes for 63 snRNA-seq cells. The color bar on top indicates the sample origin (green for myoblast, red for myotube and blue for MNC). Sample clustering
tree on top is based on 11 004 expressed genes. (B) Percentage of different subgroups in MNCs based on clustering result in Supplementary Figure S6B.
(C) Gene expression FC curves between different cell types with enriched GO terms of differential genes. The FDR and FC thresholds used to identify

differential genes are the same as those used in Figure 1B. The up-regulated genes in each cell type are labeled with the same color codes used in Figure
2A. Non-differential genes are in purple.
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Tables S3 and S6). The 1491 genes upregulated in MNC nu-
clei compared to myotube nuclei mainly function in mRNA
processing, which indicates that these cells followed a dis-
tinct developmental pathway (Figure 2C). Platelet-derived
growth factor a (PDGFA), which is the ligand for mes-
enchymal cell marker PDGFRA, and other genes related
to PDGF binding contribute to the GO terms enriched in

MNC nuclei compared to myoblast nuclei such as ‘circu-
latory system development’ and ‘response to growth fac-
tor stimulus’ (Figure 2C; Supplementary Table S7). Par-
ticularly interesting GO terms that are enriched in com-
parisons of MNCs versus myoblasts or myotubes point
to processes such as growth factor response, glycoprotein
biogenesis, mitochondrial organization and negative reg-
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ulation of apoptosis. Histone deacetylase 4 (HDAC4) in-
teracts with MEF2C and suppresses myoblast differenti-
ation. The dissociation of HDAC4 from MEF2C is im-
portant for MEF2C activation of myoblast differentiation
(40). However, both HDAC4 and MEF2C are transcription-
ally down-regulated in MNCs compared to myoblasts or
myotubes (Supplementary Figure S8A). All these suggest
that MNCs have adopted a fundamentally different identity
from myoblasts and myotubes as mesenchymal cells. TP53
and /D3 have been shown to regulate the proliferation and
differentiation of MSC and epithelial-mesenchymal transi-
tion (41-43). The upregulation of 7P53 and /D3 in MNCs
also matches with their putative mesenchymal character-
istic (Figure 3A; Supplementary FigureS8A). The repres-
sion of M YOG and activation of /D3 in MNCs were fur-
ther confirmed by qPCR (Supplementary Figure S5B). Fur-
thermore, several genes upregulated in MNCs are involved
in the mTOR pathway as well as TAF7 that are important
for cellular proliferation (44,45). However, we also observed
the upregulation of several signaling related genes such as
beta—catenin (CTNNBI), SMADI and SMAD?2, as well as
RELA from the NF-kB pathway (Supplementary Figure
S8A) (46,47). We considered whether the upregulation of
RELA in MNC:s could be due to stress and MNCs mounted
a proinflammatory response due to handling (48). However,
the expression of proinflammatory genes is either negative
or not specifically increased in MNCs (Supplementary Fig-
ure S8B). These results suggest that these MNCs are not
fully differentiated and maintain high proliferation capac-
ity while waiting for additional signaling input to adopt a
terminal fate.

In order to validate our myotube and MNC separa-
tion procedures and the efficacy as well as relevance of
KD3 differentiation at the 72 h time point, we compared
our single-nucleus data with data from the previously pub-
lished monocle analysis of scRNA-seq from primary hu-
man skeletal muscle myoblasts (HSMM) (15). We com-
pared the Ohr undifferentiated HSMM data with KD3 my-
oblast data, 72hr differentiated HSMM M YOG-positive
cells with KD3 myotubes, and 72h differentiated HSMM
SPHK]I-positive cells with KD3 MNCs (Supplementary
Figure S9). Interestingly, both myoblast samples exhibited
high MYF5 and spotty MYODI expression before differ-
entiation, which is different from C2C12 mouse myoblasts,
which have much higher levels of MyoD1 than Myf5. Thus,
this is not an immortalized myoblast-specific phenomenon.
In both SPHKI-positive differentiated HSMMs and KD3
MNCs, M YOG and TTN expression is low, supporting the
similarity between these two groups of cells. The results in-
dicate that these cells are distinct from the myocytes that
will further differentiate into myofibers.

Differentially expressed IncRNAs include primary transcripts
of microRNAs that play important roles in myogenesis

Both IncRNAs and miRNAs are known to be key reg-
ulators in muscle development and have been associated
with various muscle disorders (49-51). An increasing num-
ber of IncRNAs have been found in human (more than 15
000 in GENCODE GRCh38.p3 v23) and many of them
are able to regulate gene expression in cis or in frans in
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muscle (52,53). Since we found evidence for distinct en-
richment of nuclear IncRNAs in snRNA-seq compared to
scRNA-seq (Figure 1B and D), we decided to further ana-
lyze IncRNA expression levels in nuclei and cells. We found
796/2020 (39.4%) IncRNAs using FDR <0.05 and FC >
4 that were highly expressed in nuclei while only 97/2020
(4.8%) that were enriched in cells (Figure 4A). We detected
neighboring protein-coding genes for our differentially ex-
pressed IncRNAs in nuclei as well as cells and identified 243
IncRNAs-protein-coding genes pairs (Supplementary Table
S12). These IncRNA and neighboring protein-coding gene
pairs showed marginally significant greater correlated ex-
pression compared to randomized gene pairs using single-
cell expression (P-value = 0.008) but not when using single-
nucleus expression (P-value = 0.063). We associated neigh-
boring protein-coding genes with nucleus-enriched IncR-
NAs and found that genes with chromatin organization and
chromosome segregation annotations were enriched (Fig-
ure 4A, Supplementary Tables S8 and S12), raising the pos-
sibility that these nucleus-enriched IncRNAs may regulate
gene expression by coordinating chromatin structure. Fur-
thermore, IncRNAs that are highly enriched in myoblast nu-
clei are associated with genes specific for cytoskeleton devel-
opment, suchas TTN, FMNLI, SSHI and DAAM?2 (Figure
4A, Supplementary Tables S8 and S12).

We next analyzed differentially expressed IncRNAs in
myoblast, myotube and MNC nuclei. We found that hun-
dreds of IncRNAs have significantly higher expression in
the nuclei of one or more of the three cell types (Fig-
ure 4B). GO analysis of neighboring protein-coding genes
showed that myoblast-enriched IncRNAs are mainly associ-
ated with DNA replication and cell division while myotube-
enriched IncRNAs exhibit high enrichment in muscle or-
gan development. In contrast, MNC-enriched IncRNAs are
highly associated with metabolic process and regulation of
gene expression (Supplementary Tables S9-S11, S13-S15).
Muscle-related IncRNAs, such as LINCM D] (54), are only
highly expressed in myotube nuclei while NEAT! (55) and
MALATI (56) had higher expression levels in both MNC
and myotube nuclei (Figure 4B; Supplementary Figure S10;
Tables S19 and S20).

IncRNAs and pri-miRNA transcripts are enriched in
human nuclear transcription factories (57). We observed
that several IncRNAs serving as primary microRNA (pri-
miRNA) transcripts were among the top differentially ex-
pressed IncRNAs between myoblasts, myotube, and MNC
nuclei (Figure 4B; Supplementary Table S16-S18). Many
miRNAs have been identified and validated to promote or
inhibit muscle differentiation (52) and IncRNAs that serve
as pri-miRNA transcripts should be associated with the
regulation of those miRNAs. We therefore tested whether
IncRNA expression correlated with mature microRNA ex-
pression using the NanoString platform for validation.
We measured NanoString expression level for miRNAs
in myoblast, myotube and MNC nuclei and found that
25.10% (123/490) of miRNAs show positive correlation
(r > 0.5) between NanoString expression and SMART-
seq coverage over 3kb within miRNAs (Figure 4C, Sup-
plementary Figure S11A; Tables S21 and S22). Among
these miRNAs, 36.6% (45/123) have neighboring IncRNAs
transcribed from the same strand. Interestingly, we found
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Figure 4. IncRNAs have differential enrichment in myoblast, mononucleated and myotube nuclei. (A) Differential expression analysis of IncRNAs between
myoblast nuclei and cells (green, high expression in nuclei; yellow, high expression in cells; purple, no significant change). FC > 4 and FDR < 0.05. (B)
Differential expression analysis between myoblast, MNC and myotube nuclei (green, high expression in myoblast; blue, high expression in MNC; red,
high expression in myotube; purple, no significant change). Fold change > 4 and FDR < 0.05. (C) SMART-seq coverage and NanoString expression of
miRNAs with Pearson correlation coefficient greater than 0.5. Myogenic miRNA and corresponding pri-miRNAs are labeled. (D) SMART-seq coverage
and NanoString expression of 53 myogenic miRNAs. Both coverage and NanoString expression are normalized between -1 and 1 (red, high level; blue,
low level). Myogenic miRNAs with correlation coefficient greater than 0.5 are boxed with red dash line. Absolute reads counts for coverage and absolute
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that about 44.4% (20/45) of these miRNAs are known to
be involved in muscle differentiation (out of 53 myogenic
miRNAs in total) and their neighboring IncRNAs serve
as pri-miRNAs (Figure 4C and D, Supplementary Figure
S11B). For example, muscle-specific miRNAs, MIRI-1/1-
2 and MIRI133A41/A2 play pivotal roles in skeletal muscle
differentiation, which are organized in bicistronic clusters
on two different chromosomes (58,59). MIRI-1/133A2 are
embedded in MIRI-1HG and MIRI-2/133A41 are located
in MIRI334A1HG, MIRI33A1, MIRI33A42 and MIRI-1
are well known to promote muscle differentiation and ex-
pression during myogenesis (52,60,61). They show exclu-
sively high level in both expression and coverage in my-
otube nuclei, which is consistent with the upregulation of
their pri-miRNAs MIRI-1HG and MIRI33A1HG in my-
otube nuclei compared to myoblast nuclei (Figure 4B and
C). Similarly, MIR206/133B is known to be upregulated

during skeletal muscle development. This well studied lo-
cus also encodes Lincmdl in mouse, which expresses jointly
with Mir206/133b during myogenesis (54,62-64). However,
the human LINCMDI locus only partially overlaps with
MIR206/133B locus and they are transcribed in the re-
verse strand, which is different from the locus in the mouse
genome. This raises the possibility that LINCM DI may be
misannotated in the human genome. Nevertheless, we found
significantly high positive correlation between expression
and coverage in MIR206/133B and the apparently high en-
richment in myotube nuclei is consistent with the high ex-
pression of LINCMDI in myotube nuclei. Furthermore,
we found many miRNAs that show exclusively high ex-
pression in myoblasts compared to myotubes and MNC:s,
such as MIR503 (65). Several miRNAs that repress mus-
cle differentiation such as MIR221/222 (66), MIRI25BI
(67) and MIRI155 (68) also show exclusively high expres-
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sion in myoblast nuclei. We confirmed the differential ex-
pression of the MIR222 HG and MIR503 HG pri-miRNA by
qPCR (Supplementary Figure S5C). Correspondingly, their
expression levels are positively correlated with SMART-
seq coverage in their pri-miRNAs locus. Overall, we ob-
served that approximately 25% of miRNAs show strong
positive correlation (r > 0.5) between coverage and expres-
sion. About half of the myogenic miRNAs have a strong
correlation and their patterns of expression and coverage
on pri-miRNAs are consistent with their known roles dur-
ing myogenesis.

DISCUSSION

We report here that snRNA-seq using the Fluidigm C1 plat-
form is a practical method to faithfully capture the tran-
scriptome of single cells from isolated nuclei. In compar-
ison to the dramatic variation of cell size in different tis-
sues and at different developmental stages, changes in nu-
cleus sizes are usually within a tighter range. Thus snRNA-
seq is a practical alternative for the transcriptome analy-
sis of cells that would be otherwise difficult to capture on
standard-size Fluidigm microfluidic chips while at the same
time enriching for a set of IncRNAs that are more prevalent
in the nucleus. Our work differs from previously published
sequencing methods on single nuclei such as single-nucleus
genome sequencing (nuc-seq) and single nucleus exome se-
quencing (SNES) that focus on characterizing mutations in
the genomic DNA of single nuclei isolated by flow sorting
(69,70). In particular, these methods did not examine the
transcriptome from these nuclei and the hour-long proce-
dures between cell lysis and the end of nuclei isolation could
result in altered gene expression. Manual micromanipula-
tion of single nuclei is difficult to scale up, as demonstrated
by an earlier publication solely based on only three individ-
ual single-nucleus RNA-seq libraries (16). Our snRNA-seq
method with the Fluidigm microfluidic system is both time
and labor saving and higher throughput. The time from cell
lysis to the end of single-nucleus capture and the start of
cDNA synthesis is about 30 minutes for up to 96 nuclei at a
time.

Using snRNA-seq, we characterized myoblast differenti-
ation, which allowed us to sample multinucleated myotubes
and recover purer expression profiles that match previous
reports of genes differentially regulated during myogenic
differentiation. Indeed, M YF5 is more clearly downregu-
lated and the TTN level was much higher as well as dis-
tributed in a more uniform pattern in KD3 myotube nu-
clei compared to the monocle 72 h M YOG-positive HSMM.
This could be the result of our single-nucleus sequencing
strategy capturing nuclei from more mature myotubes. Fur-
thermore, we were able to separately characterize gene ex-
pression signatures for a small percentage of myoblasts that
failed to form multi-nucleated myotubes (i.e. MNCs) and
found that they are a heterogeneous mixture of mesenchy-
mal cells and differentiation intermediate myocytes. Since
KD3 is a clonal cell line, MNCs with mesenchymal features
cannot be a mere contamination as previously suspected
(15) but are more likely a subset of cells that have adopted
an alternate or reversal cell fate in the mesenchymal path-
way. Similarly, SPHKI-positive differentiated HSMMs that
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are thought to be contaminating interstitial mesenchymal
cells (15) might have also been derived from undifferenti-
ated HSMMs. We observed that the ratio of myotubes to
MNC:s can vary depending on the growth conditions (data
not shown). Thus, our results directly captured and pro-
vide important insight into the plasticity of myoblast cell
fate determination. It would be interesting to apply this ap-
proach to primary muscle cells of both normal and dis-
ease conditions, which may allow us to capture the extent
of cell to cell variation and subtle pathogenic changes of
myotubes/myofibers with greatly enhanced accuracy.

The snRNA-seq method also gives us the opportunity to
assess with greater sensitivity transcripts that are primar-
ily found in the nucleus. Our analysis of IncRNAs reveals
that nucleus-enriched IncRNAs may be actively associated
with regulation of gene transcription and coordination of
chromatin structure in myoblast. Three-way nuclei compar-
isons show that the expression changes of IncRNAs encod-
ing pri-miRNA transcripts can be used to infer miRNAs
expression levels at specific stages during muscle differen-
tiation. Our NanoString validation of miRNA expression
in the three different cell sub-types shows that we can in-
deed correlate approximately half of myogenic miRNAs to
the expression of their primary transcripts. Interestingly, we
found that MIR675 encoded in the exons of H/9 and critical
for muscle differentiation and regeneration (31) show high
level in expression and coverage in MNC nuclei by NanoS-
tring, strongly correlating with H/9 IncRNA by snRNA-
seq. The significance of this upregulation is currently un-
clear. Since H/9 was shown to play an important role in
adult stem cell maintenance (71,72) and also activates Wnt
signaling by upregulation of f-catenin (73), it is possible
that this H79 upregulation may be associated with the ob-
served MSC-like phenotype of MNC:s. Intriguingly, there is
a subset of miRNAs that are perfectly anti-correlated to the
expression of their primary IncRNA. This could be due to
errors in IncRNA quantitation due to the unstranded nature
of the SMART-seq protocol or due to incomplete annota-
tions in those loci. However, this could also be the result
of the nature of the NanoString assay, which cannot dis-
tinguish between identical family members, whereas we can
potentially distinguish between different IncRNNA /primary
transcripts that encode for the same mature miRNA. More
work will be necessary to identify the set of miRNAs whose
pri-miRNA expression can faithfully recapitulate their ex-
pression levels.

The large-scale analysis of single nuclei also opens up the
opportunity to analyze biological systems where the biology
is nucleus-centric, such as during early Drosophila develop-
ment when the embryo is a multinucleated syncytium where
different nuclei transcribe different genes or when cells are
simply too large to capture intact as in the case of some ma-
ture motor neurons or large cells such as in the early Xeno-
pus embryo (16,74). Even in the case of vertebrate muscle,
the subset of nuclei in myotubes that are directly under the
neuromuscular junction (NMJ) express different set of tran-
scripts encoding NMJ-specific proteins (75). We expect that
large-scale snRNA-seq will take its place alongside sScRNA-
seq to answer appropriate biological questions.
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