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SUMMARY

Muscle stem cells (MuSCs) persist in a quiescent
state and activate in response to specific stimuli.
The quiescent state is both actively maintained and
dynamically regulated. However, analyses of quies-
cence have come primarily from cells removed from
their niche. Although these cells are still quiescent,
biochemical changes certainly occur during the
isolation process. Here, we analyze the transcrip-
tome of MuSCs in vivo utilizing MuSC-specific label-
ing of RNA. Notably, labeling transcripts during the
isolation procedure revealed very active transcrip-
tion of specific subsets of genes. However, using
the transcription inhibitor a-amanitin, we show that
the ex vivo transcriptome remains largely reflective
of the in vivo transcriptome. Together, these data
provide perspective on the molecular regulation of
the quiescent state at the transcriptional level,
demonstrate the utility of these tools for probing
transcriptional dynamics in vivo, and provide an
invaluable resource for understanding stem cell state
transitions.

INTRODUCTION

Homeostasis and repair of adult tissues are dependent on small
populations of tissue-resident stem cells. These cells have the
unique capacity to generate new tissue-specific, differentiated
progeny and, at the same time, replenish the stem cell pool by
self-renewing (Li and Clevers, 2010). In adult skeletal muscles,
cellular turnover is extremely low in the absence of injury or
disease (Brack and Rando, 2012). Muscle, however, does
possess an exceptional regenerative capacity, which is medi-
ated by resident muscle stem cells (MuSCs), also referred to
as satellite cells. In line with the low turnover of muscle under ho-
meostatic conditions, MuSCs are predominantly in a reversible
state of prolonged exit from the cell cycle, also known as quies-
cence (Cheung et al., 2012). Upon injury to themuscle, quiescent
MuSCs are rapidly activated and their progeny undergo a limited
number of cell divisions before they differentiate and fuse into
multinuclear myofibers, ultimately resulting in repair of the

damaged muscle (Yin et al., 2013). A subset of MuSCs returns
to quiescence to replenish the stem cell pool (Shea et al., 2010).
Control of quiescence is crucial to preserve stem cell pools, as

dysregulation and loss of quiescence can result in deregulated
progenitor cell populations and depletion of stem cells (Orford
and Scadden, 2008). In contrast to our detailed understanding
of the regulation of cell proliferation, much is still unknown about
themechanisms regulating the quiescent state. Recent observa-
tions indicate that quiescence is an actively maintained state to
preserve important cell features (Bjornson et al., 2012; Cheung
et al., 2012; Montarras et al., 2013). Increasing insight in
the regulation of stem cell quiescence will allow for the design
of therapeutic strategies based on enhancing stem cell
competence.
Transcriptional profiling of freshly isolated MuSCs has

provided insight into the state of MuSCs before they activate
and enter the cell cycle. However, methods used thus far have
required the isolation of cells from their endogenous niche and
purification, usually by fluorescence-activated cell sorting. As
the cell is removed from its niche, endogenous patterns of
gene expression may be disrupted, potentially resulting in a tran-
scriptional profile that differs from that of the cell in vivo.
Recently, a technique has been developed to label newly tran-

scribed RNA in vivo in a cell-specific manner (Gay et al., 2013).
Cells engineered to express the Toxoplasma gondii uracil phos-
phoribosyltransferase (UPRT) can convert 4-thiouracil (4tU) into
4-thiouridine mono-phosphate, which will then be incorporated
into the RNA that is being transcribed. In the current studies,
we generated mice in which UPRT is expressed specifically in
MuSCs, thereby allowing us to label RNA in these cells in vivo.
Utilizing this technique, we have been able to probe the tran-
scriptome of quiescent MuSCs in vivo.

RESULTS

UPRT as a Model System to Study the MuSC
Transcriptome In Vivo
To investigate the transcriptome of quiescent MuSCs in vivo, we
crossed mice expressing a tamoxifen-responsive Cre-recombi-
nase under the control of the Pax7 locus with mice carrying
the HA-tagged UPRT gene, which is preceded by a Cre-depen-
dent GFP-STOP cassette. Following injection of tamoxifen to
offspring carrying both alleles (Pax7CreER/+:LSL-UPRT+/!mice),
the GFP-STOP cassette was excised and HA-tagged UPRT
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was specifically expressed in MuSCs (Figure S1A). The speci-
ficity of 4tU labeling was tested by measuring 4tU incorporation
in total RNA from muscle from control and Pax7CreER/+:
LSL-UPRT+/! mice. No incorporation of 4tU could be detected
in total RNA isolated from hind limb muscles of C57BL/6 wild-
type (WT) mice or Pax7CreER/+:LSL-UPRT+/! mice that were not
treated with tamoxifen but that had been administered 4tU. By
contrast, 4tU incorporation was clearly detectable in total RNA
from Pax7CreER/+:LSL-UPRT+/! mice that had been treated
with tamoxifen and to whichwe had administered 4tU 6 hr before
sacrifice (Figure S1B). Samples prepared from tamoxifen-
treated Pax7CreER/+:LSL-UPRT+/! mice resulted in profiles in
which two peaks of rRNA were visible (Figure S1C).
To test for the specificity of 4tU in MuSCs, we isolated myofib-

ers and different mononucleated cell populations from skeletal
muscle of tamoxifen-treated Pax7CreER/+:LSL-UPRT+/! mice
6 hr after an injection of 4tU (Figure S1D). Incorporation of 4tU
could not be detected in muscle fibers, hematopoietic cells,
endothelial cells, or fibro-adipogenic progenitor cells. However,
incorporation of 4tU in total RNA fromMuSCswas clearly detect-
able (Figures S1E and S1F). These data demonstrate that UPRT
is specifically expressed in MuSCs with no detectable back-
ground labeling and that this approach can, therefore, be used
to investigate transcription patterns of MuSCs in vivo.

Transcriptional Profiling of Quiescent MuSCs In Vivo
To determine the nascent transcriptome of quiescent MuSCs
in vivo, Pax7CreER/+:LSL-UPRT+/! mice were injected with 4tU
6 hr (designated as TU 6h in vivo) prior to harvesting of hind
limb muscles (Figure S2A). Total RNA was extracted from all
hind limb muscles, biotinylated, and 4tU-labeled transcripts
were isolated by streptavidin-mediated pull-down. RNA
sequencing (RNA-seq) was performed on the poly(A) enriched,
4tU-labeled RNA from four independent biological replicates
and compared to input RNA (total RNA from muscle). Libraries
were sequenced at an average depth of 73 million read pairs,
with an average transcriptome alignment rate of 86%, and we
observed high correlation between biological replicates (Figures
S2B–S2D).
We determined whether 4tU labeling was sensitive enough to

isolate MuSC transcripts from intact muscle. For each annotated
gene in the dataset, expression of TU 6h in vivo samples was
compared to the expression in total RNA from muscle. Most
transcripts were expressed at equal levels in MuSCs and total
muscle, leading to a diagonal distribution in the plot (Figure 1A).
Eleven transcripts that are often used as identifiers of MuSCs
were used to determine the extent of enrichment of MuSC-spe-
cific 4tU-labeled RNA. Seven of these transcripts showed signif-
icant enrichment in the 4tU-labeled RNA (Table 1). The tran-
scripts with limited enrichment, VCAM, CD34, a7-integrin, and
m-Cadherin, have been shown to be expressed in other cell
types present in muscle. In analyzing the transcripts that are
most depleted, various well-known muscle fiber genes could
be detected, such as Troponin I (Tnni1), a-Actinin 3 (Actn3),
and Myosin Heavy Chain 4 (Mhc4). Combined, these data
strongly suggest that in vivo labeling of transcripts with 4tU is
sufficiently sensitive to isolate MuSC-specific transcripts from
intact muscle. Furthermore, the data indicate that, as for previ-

ously reported cell types (Djebali et al., 2012; Nojima et al.,
2015), there is widespread transcription, as "40% of the anno-
tated genes were transcribed (Figure S2E).
Having shown that labeling of nascent transcripts works to

isolate MuSC-specific transcripts, we next compared the top
500 most highly expressed genes based on fragments per kilo-
base of transcript per million mapped reads (FPKM) values in
the TU 6h in vivo transcriptome, and we compared these to the
500 genes with the highest expression in total RNA from fluores-
cence-activated cell sorting (FACS)-isolated MuSCs, hereafter
called freshly isolated MuSCs. This analysis was done to deter-
mine which genes have the highest active transcription in quies-
cent MuSCs in vivo and how these transcripts are reflected in the
total RNA from freshly isolated MuSCs. Comparison of the 500
most highly expressed transcripts resulted in a list of 828 unique
genes, of which 172 were expressed in both total RNA from
MuSCs aswell as in the in vivo-labeled transcriptome (Figure 1B).
Among these 172 genes, 20 transcripts encoded ribosomal
proteins and various transcripts were related to mitochondrial
function. Overrepresented gene ontology (GO) terms included
oxidative reduction, ATP biosynthetic process, tricarboxylic
acid cycle, and mitochondrial electron transport. This finding
corresponds with previously reported data showing high expres-
sion of mitochondrial function-related genes in MuSCs (Rodgers
et al., 2014).
As an independent method to assess the expression of tran-

scripts in quiescent MuSCs in vivo, we injected mice with the
nucleotide analog 5-ethynyluridine (EU) 6 hr prior to isolation of
MuSCs. Unlike 4tU, EU is incorporated into newly transcribed
RNA of all cells. Hence, purification of MuSCs is necessary.
Pull-down of transcripts from EU-labeled purified MuSCs was
compared to input RNA and untagged control. After isolation
of MuSCs and capture of EU-labeled transcripts, the presence
of various transcripts was analyzed using qRT-PCR. Transcripts
with varying levels of expression and enrichment were chosen
for analysis based on 4tU RNA-seq data. Indeed, transcripts
with high enrichment, such as Ucp3, Tnni2, Ddit4, and Myf6,
were readily detected among the EU-labeled transcripts (Fig-
ure S2F). The expression of Egr3, Csf3, and Fosl1 was analyzed,
as these transcripts were depleted in the in vivo-labeled tran-
scriptome but present in the total transcriptome of purified
MuSCs. As expected, EU labeling confirmed that there is limited
transcription of Egr3, Csf3, and Fosl1 in MuSCs in vivo, while
these transcripts are abundantly present in purified MuSCs.

In Vivo Labeling of Nascent Transcription Reveals
Transcript Stability
Next, we set out to determine if longer labeling times would allow
the labeled transcriptome to approach the steady-state mRNA
levels in MuSCs in vivo. To do this, Pax7CreER/+:LSL-UPRT+/!

mice were injected with 4tU every 12 hr for 4 days (TU 4d in vivo),
every 12 hr for 1 day (TU 1d in vivo), or 6 hr (TU 6h in vivo) prior to
harvesting of hind limb muscles. Principal-component analysis
(PCA) of the 4tU-labeled transcripts of quiescent MuSCs in vivo
showed a high correlation between the labeled transcripts iden-
tified after labeling with 4tU for either 1 day or over 4 days,
whereas the labeled transcripts identified after labeling for just
6 hr were distinct from the other two groups (Figure 1C). These
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data suggested that a significant proportion of the steady-state
transcriptome was transcribed slowly and accumulated only
over the course of 24 hr and/or that a significant proportion of
the steady-state transcriptome was transcribed and degraded
rapidly over the course of several hours. Previous studies
measuring transcript half-lives have shown that "70% of tran-
scripts are turned over within minutes to hours after transcription
(Sharova et al., 2009). Various cell types, including embryonic
stem cells, have been analyzed, and the median half-life of
mRNA transcripts was shown to be less than 10 hr (Schwan-
häusser et al., 2011; Sharova et al., 2009).

We next determined which genes were differentially
expressed across the three different labeling groups, i.e., 6-hr,
1-day, and 4-day labeling with 4tU. This comparison resulted
in 3,542 differentially expressed genes, which were subjected
to unsupervised hierarchical clustering. This partitioned differen-

A B

D

E F

C Figure 1. Labeling Nascent RNA inQuiescent
MuSCs In Vivo
(A) Scatterplot comparing the expression level of

4tU-labeled transcripts to total RNA from muscle.

The average expression from four biological repli-

cates is shown for each gene. Eleven transcripts

whose protein products are often used to identify

MuSCs are highlighted. The seven that are indi-

cated in light blue are enriched, whereas the four

that are indicated in dark blue are not.

(B) Venn diagram of the 500 most highly expressed

transcripts, based on FPKM value, in MuSCs and

the 6-hr 4tU-labeled transcriptome.

(C) PCA of 4tU-labeled transcriptomes with labeling

times of 6 hr, 1 day, and 4 days (four biological

replicates each). Pearson’s r correlation is depicted

by the gray bars.

(D) Hierarchical clustering of 3,542 genes that were

differentially expressed across the three different

labeling groups, i.e., 6 hr, 1 day, and 4 day labeling

with 4tU, revealed two major gene clusters (false

discovery rate [FDR] < 0.01 and log2 fold

change ±1).

(E and F) Plots displaying gene ontology term

enrichment. The clustered genes from (D) were

subjected to gene ontology enrichment, and the

scatterplot shows the GO terms after redundancy

reduction using ReViGO, representing functional

clusters. GO terms are clustered in the semantic

space by functional similarity, without intrinsic

meaning of semantic space units. Enriched GO

terms for genes with higher transcript levels in the

6 hr 4tU-labeling group (E) and for genes with higher

transcript levels in the 1- and 4-day 4tU-labeling

group (F) are shown.

tially expressed genes into three major
clusters (Figure 1D). Gene ontology anal-
ysis of the differentially expressed gene
clusters showed that there was a high
enrichment in the 6-hr-labeling group for
transcripts whose products are involved
in transcription regulation (Figure 1E),
whereas in the 1- to 4-day-labeling group,
there was a high enrichment for transcripts

whose protein products function in metabolism and protein syn-
thesis (Figure 1F). These data fit well with previously reported
observations that transcripts involved in metabolism and trans-
lation have longer half-lives than those of transcription-related
genes (Friedel et al., 2009; Sharova et al., 2009).

Acute Transcriptional Changes during Isolation of
MuSCs
The purification process of MuSCs requires the cells to be
removed from the niche, and it takes several hours during which
their transcriptional profiles begin to change. The transcriptional
changes that occur during the isolation processmight, therefore,
reflect the earliest stages of MuSC activation. To measure acute
transcriptional changes that occur during isolation of MuSCs, we
compared the in vivo nascent transcriptome to the nascent tran-
scriptome during the isolation procedure. Transcripts produced
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during theMuSC isolation procedure were labeled by adding 4tU
during each of the incubation and wash steps of the procedure,
which is approximately 6 hr. The ex vivo 4tU-labeled transcripts
were compared to the transcriptional profiles obtained in vivo
from Pax7CreER/+:LSL-UPRT+/! mice injected with 4tU 6 hr prior
to the harvesting of hind limb muscles.
Differential gene expression analysis between in vivo- and

ex vivo-labeled transcriptional profiles of MuSCs revealed a
high upregulation of gene transcription during the isolation of
MuSCs (Figure 2A). There were 1,816 differentially transcribed
genes with at least a 4-fold change. Of these, 1,246 were higher
in the ex vivo nascent profile and 570 were higher in the in vivo-
labeled profile (Figure 2B; Table S1). Genes with higher levels in
the in vivo-labeled transcriptomeswere involved in the regulation
of RNA metabolism, fructose metabolism, and protein ubiquiti-
nation (Figure 2C). Transcripts higher in the in vivo nascent tran-
scriptome included Bcl2 and Cdkn1b, whose products have
been shown to play a role in maintaining the quiescent state
(Chakkalakal et al., 2014; Janumyan et al., 2008). PDK4 was
more highly expressed in the in vivo-labeled transcriptome,
and it has been shown to govern the quiescent state of hemato-
poietic stem cells (HSCs) by regulating glycolysis in these cells
(Takubo et al., 2013). Transcripts whose expression was highly
upregulated during the purification of MuSCs include many
members of the heat shock family of proteins, including Hspa1b,
Dnajb1, and Hspb1, and chemokine ligands, including Cxcl1,
Cx3cl1, and Ccl8. The presence of these genes suggests
that a stress response is induced during the purification of
MuSCs. Gene ontology analysis of the enriched genes further
strengthened this notion, as there was a high enrichment for
processes involved in response to wounding, including inflam-
matory response, chemotaxis, and extracellular matrix organiza-
tion (Figure 2D). Other highly enriched categories included
translation and cell proliferation. As an independent method
to determine nascent transcription during the isolation pro-
cedure of MuSCs, EU was added to the samples during the
entire isolation procedure. Pull-down of EU-labeled transcripts
from MuSCs was compared to total RNA from MuSCs and to

EU-labeled MuSC RNA isolated from mice that had received
an EU injection 6 hr prior to the harvest of muscle tissue. As
expected, EU labeling during the isolation procedure of
MuSCs confirmed transcription of Id3, Dnajb1, Hspb1, Jund,
and Ccl8 (Figure S3A). Furthermore, we verified that Egr3,
Csf3, and Fosl1 were actively transcribed during the isolation
of MuSCs, while these were hardly detectable after in vivo
labeling with EU.
To uncover putative transcriptional regulators of the early acti-

vation process ofMuSCsandpossibly thequiescent state in vivo,
we focused on expression of transcription factors by MuSCs. In
the dataset, 833 transcription factors were identified, of which
122 were significantly increased in the ex vivo-labeled transcrip-
tome and 271 were significantly higher in the in vivo-labeled
transcriptome (Figure 2E). The transcription factors Zbtb16,
Trp63, and FoxO1 were highly transcribed in MuSCs in vivo.
These transcription factors have a known role in cell cycle inhibi-
tion in various cell types (Costoya et al., 2008; G€unschmann
et al., 2013; Machida et al., 2003). In line with the enrichment
of transcripts involved in stress response as shown by gene
ontology analysis, transcription factors highly transcribed during
the ex vivo-labeling period included various immediate early
genes, such as Fosb, Egr1, Egr2, Junb, Jund, and Myc. In
addition, the well-known myogenic regulatory factors Myod1
and Myf5 and the Pax7 target Id3 were associated with the
ex vivo-labeling profile.
To rule out the possibility that the presence of rare cells with

high transcript levels could account for the high level of nascent
transcription, we performed single-molecule fluorescence in situ
hybridization (smFISH) assays on MuSCs treated with the tran-
scription inhibitor a-amanitin or DMSO control. Transcript levels
of the satellite cell markers Pax7 and Id3; the early response
genes Jund andHspb1; and genes present in differentiatedmus-
cle, e.g., Plectin (Plect), Muscle-associated Glycogen Phosphor-
ylase (Pygm), and Myosin Heavy Chain 4 (Myh4), were analyzed.
This analysis indeed showed that the majority of cells expressed
these transcripts and that inhibition of transcription significantly
reduced expression of Pax7, Id3, Jund, Pygm, and Myh4, but it
had no effect on the levels of Hspb1 or Plect (Figure S3B). The
results for Hsbp1 and Plect indicate that global levels do not
necessarily change when transcription is inhibited.

Isolation-Induced Changes in the Global Transcriptome
of MuSCs
To determine what the isolation-induced transcriptional changes
mean for the global transcriptome of purified MuSCs, we
compared the transcriptional profile of MuSCs labeled during
the isolation process (TU 6h ex vivo) to the in vivo 4tU-labeled
profile (TU 6h in vivo) and to the total RNA of purified MuSCs
(MuSC). PCA revealed that the nascent transcription profile of
ex vivo-labeled cells fell between that of the in vivo-labeled cells
and that of theMuSCs total transcriptome along the first compo-
nent axis (PC1) (Figure 3A). The transcription profile of ex vivo-
labeled MuSCs correlated better with the total transcriptome of
freshly isolated MuSCs than the in vivo-labeled profile related
to the total transcriptome of freshly isolated MuSCs. This indi-
cates that the ex vivo-labeled profile is very similar to the total
transcriptome of purified MuSCs. Furthermore, the strong

Table 1. Enrichment of 4tU-LabeledMuSCTranscripts fromTotal
Muscle RNA

Gene

Symbol Ensembl ID

TU 6h

Fold

Enrichment FDR

Calcr ENSMUSG00000023964 6.33 1.53E!57

Sdc4 ENSMUSG00000017009 6.26 2.60E!176

Myf5 ENSMUSG00000000435 5.83 3.16E!62

Foxo3 ENSMUSG00000048756 5.05 2.05E!139

Pax7 ENSMUSG00000028736 3.52 2.81E!13

Spry1 ENSMUSG00000037211 2.74 3.70E!34

Pax3 ENSMUSG00000004872 2.32 1.06E!08

VCAM ENSMUSG00000027962 1.10 0.14

CD34 ENSMUSG00000016494 0.64 1.47E!17

Cdh15 ENSMUSG00000031962 0.51 1.80E!30

Itga7 ENSMUSG00000025348 0.04 1.94E!72
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correlation between the in vivo and ex vivo 4tU-labeled transcrip-
tomes shows that many genes are actively transcribed both
in vivo and during the early activation stages of MuSCs.

Comparison of the transcriptional profiles of in vivo- and
ex vivo-labeled MuSCs indicates that substantial transcriptional
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Figure 2. Changes in Nascent Transcription
during the Isolation of MuSCs
(A) Differentially expressed genes between in vivo

and ex vivo 4tU-labeling of MuSCs. Represented in

green are genes that are more highly expressed in

the ex vivo-labeled transcriptome, whereas repre-

sented in red are genes that are significantly higher

in the in vivo-labeled transcriptome (FDR < 0.01).

(B) Volcano plot comparing in vivo- and ex vivo-

labeled MuSC transcriptomes. Each dot repre-

sents a gene. Green dots represent genes that are

more highly expressed in the ex vivo-labeled

transcriptome, while red dots represent genes that

are significantly higher in the in vivo-labeled tran-

scriptome (FDR < 0.01 and log2 fold change ±2).

(C and D) Plots displaying gene ontology term

enrichment. The scatterplot shows the terms after

redundancy reduction using ReViGO, representing

functional clusters. GO terms are clustered in the

semantic space by functional similarity, without

intrinsicmeaning of semantic space units. GO term

enrichment of the most highly expressed genes in

the ex vivo transcriptome (C) and in vivo tran-

scriptome (D) is shown.

(E) Heatmap of differentially expressed transcrip-

tion factor-encoding genes between the in vivo-

and ex vivo-labeled transcriptomes (FDR < 0.01

and log2 fold change ±1). Colors show row Z

scores.

changes occur during the early activation
of MuSCs. Therefore, the question arises
as to whether, by blocking transcription
during the purification of MuSCs, the cells
resemble in vivo MuSCs more closely.
Therefore, MuSCs purification was per-
formed in the presence of the transcrip-
tion inhibitor a-amanitin (MuSC + aAM),
and it was compared to the transcriptome
of vehicle-treated MuSCs (MuSC-aAM).
First, we verified that transcription inhibi-
tion during MuSC purification was effec-
tive. There was a significant downregula-
tion of expression of 2,312 genes when
compared to the transcriptomes of un-
treated MuSCs (Figure 3B). The gene
products of these 2,312 genes whose
levels decreased after the inhibition of
transcription were mainly involved in
proteolysis, cell adhesion, and various
kinds of transport, including sodium ion
transport, chloride transport, and lipid
transport.

Next, we performed PCA to compare
the transcriptome of a-amanitin-treated

MuSCs to the transcriptome of untreated MuSCs and the in vivo
and ex vivo 4tU-labeled transcriptomes. This analysis showed
that transcription inhibition during MuSC purification shifts the
profile away from the MuSCs and more toward the in vivo and
ex vivo 4tU-labeled MuSC profiles (Figure 3C). Since there was
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an obvious shift, we determined how transcription inhibition dur-
ing MuSC purification influenced the expression of the 1,246
transcripts that were upregulated during the 6 hr ex vivo-labeling
period. For the majority of these transcripts, transcription inhibi-
tion did not reduce global transcript levels in MuSCs. However,
transcription inhibition did reduce global transcript levels for 97
of the transcripts that increased during MuSC purification
(Figure 3D). These data indicate that the nascent transcripts
that increasemost ex vivo compared to in vivo do not necessarily
contribute to changes in global transcript levels, but still major
changes occur at the transcript level during the isolation proced-
ure of MuSCs.

Global Transcriptome of MuSCs In Vivo
As global RNA levels are the representation of both transcription
and degradation, we next analyzed global RNA levels of quies-
cent MuSCs in vivo. To do this, muscles were perfusion-fixed
with paraformaldehyde before isolation of the MuSCs. Compar-
ison of the in vivo-fixed MuSCs to the unfixed, freshly isolated
MuSCs showed that expression of 7,800 genes was similar
between in vivo-fixed MuSCs and freshly isolated MuSCs (Fig-
ure 4A). This comparison also showed that 4,107 genes had
higher transcript levels in freshly isolated MuSCs, while 968
weremore highly expressed in the fixedMuSCs.Where inhibition
of transcription during isolation reduced the expression levels of
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(A) PCA comparing in vivo- and ex vivo-labeled

transcriptomes to total RNA transcriptome from

isolated MuSCs (four biological replicates per

condition). Pearson’s r correlation is depicted by

the gray bars.

(B) Scatterplot comparing the transcriptomes of

MuSCs with or without exposure to the transcrip-

tion inhibitor a-amanitin (aAM). Red dots represent

2,312 genes that are significantly decreased after

treatment with aAM, while green dots represent

590 genes that are more highly expressed (FDR <

0.01 and log2 fold change ±1).

(C) PCA comparing the gene expression profiles of

aAM-treatedMuSCs, untreatedMuSCs, the in vivo

4tU-labeled transcriptome, and the ex vivo 4tU-

labeled transcriptome. Pearson’s r correlation is

depicted by the gray bars.

(D) Venn diagram comparing the 1,247 genes that

were more highly expressed in the ex vivo-labeled

transcriptome than in the in vivo-labeled tran-

scriptome (FDR < 0.01 and log2 fold change ±2)

(yellow circle) to the 2,312 genes that were

decreased after treatment with aAM (FDR < 0.01

and log2 fold change ±1) (green circle).

2,312 genes (Figure 3B), prevention of
transcription and degradation by fixation
resulted in an even greater difference in
the number of genes exhibiting changes
in expression levels during the isolation
procedure. This suggests that RNA

degradation plays a more important role in determining changes
in global RNA levels during early activation of MuSCs than gene
transcription.
To verify the presence of transcripts of myogenic lineage-

determinant genes in quiescent MuSCs in vivo, the in vivo-fixed
MuSCs were processed for smFISH. This allowed us to confirm
that quiescent MuSCs contained transcripts for the myogenic
differentiation genes Myod1, Myh4, Plect, and Pygm (Figures
4B and 4C).
Direct comparison of the in vivo-fixed MuSCs and the control

to the 4tU-labeled transcriptomes and transcriptome of
a-amanitin-treated MuSCs was hindered by a batch effect due
to a different transcriptome preparation protocol. Therefore,
we performed batch correction using RUVSeq, and we limited
comparison of the previously described datasets to global com-
parison. PCA was done on the transcriptome of in vivo-fixed
MuSCs (Fixed MuSCs), freshly isolated MuSCs, the in vivo
4tU-labeled transcriptomes (TU 4d in vivo, TU 1d in vivo, and
TU 6h in vivo), and the MuSC + aAM transcriptome (Figure 4D).
This analysis confirmed that transcription inhibition during the
isolation procedure using a-amanitin did not revert the transcrip-
tome of freshly isolated MuSCs to the in vivo transcriptome. This
analysis further showed that labeling of nascent transcript for
4 days did not label the complete steady-state transcriptome
in MuSCs in vivo. However, this labeling approach yielded
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information on transcript dynamics in MuSCs in vivo in ways that
steady-state transcriptome analysis cannot.

DISCUSSION

Our data reveal the transcriptome of quiescent MuSCs in vivo
and the changes that occur during the first hours of MuSC acti-
vation.We demonstrate that 4tU labeling is a sensitivemethod to
identify cell-type-specific transcripts in muscle in vivo. In addi-
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Figure 4. Analysis of In Vivo-Fixed MuSCs
(A) Venn diagram comparing gene expression be-

tween in vivo-fixed MuSCs (red circle) and freshly

isolated MuSCs prepared per the in vivo-fixed

MuSCs protocol (orange circle). Overlap between

the two conditions indicates genes with no change

(FDR < 0.01 and log2 fold change ±1).

(B) In vivo-fixed MuSCs from uninjured mice

(quiescent) and from mice 3 days post-injury

(activated) were hybridized with probe libraries

directed against Myod1, Pax7, Myh4, Plect, or

Pygm, and the number of smFISH quanta per cell

was determined. Small dots represent single cells,

and larger colored circles represent mean of all

cells per biological replicate. Data are represented

as mean ± SEM.

(C) Representative images of Myod1 and Pax7

smFISH quanta in freshly isolated MuSCs, freshly

isolated MuSCs from MyoD!/! mice, in vivo-fixed

quiescent MuSCs, and in vivo-fixed activated

MuSCs. Scale bar, 5 mm.

(D) PCA comparing the in vivo nascent tran-

scriptomes of MuSCs (TU 6h in vivo, TU 1d in vivo,

and TU 4d in vivo), freshly isolated MuSCs

(MuSCs), a-amanitin-treated MuSCs (MuSCs +

aAM), control MuSCs prepared per the in vivo-

fixed MuSCs protocol (Fixed Control), and tran-

scriptome of in vivo-fixed MuSCs (Fixed MuSCs)

(three to four biological replicates per condition).

tion, our data provide insight into the dy-
namics of the quiescent transcriptome
with regard to stability and turnover.

The quiescent state of MuSCs and
other stem cells is actively maintained,
and disruption of the homeostatic state
causes the cells to be released from
quiescence (Cheung et al., 2012; Furuta-
chi et al., 2013; Vanegas and Vernot,
2017). Increasing our understanding of
the regulation of the quiescent state will
allow for the manipulation of stem cell
function and, ultimately, lead to the devel-
opment of new therapeutic strategies.
Thus far, the quiescent transcriptome
has been studied in FACS-isolated
MuSCs. The isolation of quiescent
MuSCs from muscle sets in motion the
process of activation, a process that can
be temporarily arrested by appropriate
culture conditions (Quarta et al., 2016);

but, under normal culture conditions, cells will invariably enter
the cell cycle and divide. It is well established that isolation of
cells from their niche can induce transcriptional changes,
possibly introducing a bias in the transcriptional profile (Balda
and Matter, 2009). Labeling of transcripts with 4tU circumvents
this issue by labeling RNA within intact tissue, allowing for
gene expression profiling of cells in their niche.
Analysis of the in vivo 4tU-labeled transcriptome of MuSCs

showed there was a marked enrichment of some, but not all,
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MuSC markers in the transcription profile. Because the labeled
MuSC-specific transcripts are isolated from total muscle RNA,
the absence of enrichment of some MuSC markers indicates
that either transcription of those genes is low or that other cell
types within muscle express those genes. However, the tech-
nique is clearly sensitive enough to detect cell-specific tran-
scripts from a cell population as rare as MuSCs.
The in vivo 4tU-labeled transcriptome indicated that "40% of

annotated genes are actively transcribed in MuSCs in vivo.
Studies analyzing the nascent transcriptome in human fibro-
blasts and HeLa cells, using global run-on sequencing
(GRO-seq) and native elongating transcript sequencing
(NET-seq), respectively, found around "45% of genes to be
actively transcribed (Core et al., 2008; Nojima et al., 2015). These
studies were done using actively dividing cells, cells that would
be expected to have high transcriptional activity. By contrast,
our study reveals, intriguingly, a similar magnitude of global
transcription in MuSCs in a quiescent state, a state that is gener-
ally considered to have very limited transcriptional activity.
Another important observation from the in vivo-labeled tran-

scriptional profile is the presence of various myogenic differenti-
ation genes in the transcriptome of quiescent cells, including
transcripts coding for structural proteins that are detectable
only in myoblasts and mature muscle fibers. The low-level
expression of some early lineage-restricted genes in purified
MuSCs has been reported (Crist et al., 2012; Hausburg et al.,
2015), but the scale at which these genes are expressed has
not been shown previously. The presence of these lineage-
restricted genes might be reflective of a primed state for MuSC
activation. We propose that the quiescent state is, in terms of
transcription, an idling state for stem cells, where cells in this
state are characterized by a widespread, low level of transcrip-
tion and presence of differentiation-specific genes. This idling
state might serve as a mode to keep the transcription machinery
active and ready to rapidly respond when needed.
Both the nascent transcriptome as well as the smFISH data

indicate low Pax7 transcript levels in quiescent MuSCs. Low
transcript levels do not necessarily predict low protein levels,
since it has been shown that there is only a weak correlation be-
tween transcript and protein levels in cells (Kosti et al., 2016; Perl
et al., 2017). Consistent with this finding, recent studies using
single-cell PCR analysis have shown that Pax7 transcript levels
are below the limit of detection in approximately 10% of the
satellite cells (Cosgrove et al., 2014; Quarta et al., 2016). Further-
more, the level of Pax7 protein among quiescent MuSCs is het-
erogeneous (Rocheteau et al., 2012).
Our data reveal that, depending on the timing and duration of

4tU administration, various subsets of transcripts were differ-
entially enriched. Analysis of transcription profiles of cells
labeled for 6 hr to 4 days revealed that highly transcribed genes
in the 6-hr-labeling group were mainly involved in transcription
regulation, whereas transcripts highly enriched in the 1- and
4-day-labeling profiles were mainly involved in metabolism
and protein synthesis. As labeling with 4tU detects newly syn-
thesized mRNA, depending on the exposure time, labeling
reflects a different population of transcripts. This is an impor-
tant feature, as fold changes in total RNA do not simply reflect
changes in RNA synthesis, but rather they reflect a balance

between synthesis and degradation (Windhager et al., 2012).
For example, a short labeling period with 4tU will be a closer
reflection of the transcriptional rate, whereas longer labeling
periods will provide a better reflection of the balance between
synthesis and degradation of transcripts, i.e., steady-state
levels. This is what our data indicate. In vivo labeling of quies-
cent MuSCs for 6 hr reveals the enrichment of transcripts that
are known to have relatively short half-lives, while longer label-
ing periods, i.e., 1 or 4 days of 4tU exposure, reveal the pres-
ence of relatively stable transcripts (Rabani et al., 2011; Shar-
ova et al., 2009). Our data indicate that varying the
4tU-labeling time leads to different pools of transcripts being
detected. Variations of the labeling strategy utilized in this
study will allow for more detailed analyses of transcript stability
in vivo. The 4tU-tagging strategy labels only newly synthesized
transcripts. This means that the percentage of labeled tran-
scripts in the cell will depend on the duration of labeling.
Longer labeling periods should result in labeling the majority
of transcripts present in cells, while short labeling periods
can be used to detect rapid changes in transcription after a
particular homeostasis-disrupting event. A caveat of the
4tU-tagging strategy is that 4tU incorporation is dependent
on the UPRT expression levels as well as the cell type under
study, but not on the concentration of 4tU (Friedel et al.,
2009). So, unlike labeling with 4-thiouridine, labeling efficiency
cannot be increased simply by providing more 4tU.
Since we know that the isolation of MuSCs induces the early

activation of these cells, we wanted to know if this process coin-
cides with transcriptional changes. Our data indicate that there is
a significant increase in transcription during the isolation of
MuSCs. In this first response of MuSCs to the disruption of their
niche, there is an expected increase in the expression of imme-
diate early genes, like Fos and Jun. Furthermore, there is an in-
crease in transcription of various cell cycle regulators, such as
Cdk4 and Ccnd1, and myogenic factors known to be involved
in the activation and differentiation of MuSCs, such as Myod1
andMyf5. However, it is not knownwhat the increased transcrip-
tion means for global mRNA levels in isolated MuSCs.
During the isolation procedure of MuSCs, the transcription of

several heat shock proteins (HSPs) increases, mainly members
of the HSP40, HSP70, and HSP90 families of proteins. Tran-
scripts for these proteins, however, are abundantly present in
quiescent MuSCs in vivo. HSPs function as molecular chaper-
ones and control all aspects of protein homeostasis, and they
are a key component in the response to proteotoxic stress
(Prinsloo et al., 2009). They are involved in de novo folding of
newly synthesized protein, the refolding of alternatively folded
or stably misfolded protein aggregates, and protein degradation
(Kim et al., 2013). As such, HSPs play an important role in main-
taining proteostasis in MuSCs, and they might be involved in
regulating the transition of quiescent MuSCs to actively cycling
cells.
PCA of transcripts from freshly isolated MuSCs and TU 6h

ex vivo-labeled transcripts showed a separation along PC2.
A possible explanation could be that the isolation of the cells
induces transcription of specific genes but that their contribu-
tion to the steady-state transcriptome of freshly isolated
MuSCs is limited. This is supported by the finding that
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transcription inhibition during MuSC isolation does decrease
steady-state levels of certain transcripts, but not necessarily
the ones whose transcription increases during the isolation
procedure.

Treatment with the transcription inhibitor a-amanitin did
decrease levels of 2,312 genes. These 2,312 genes include
only 98 genes whose transcription increased during the isolation
of MuSCs. There is thus a discordance between the group of
transcripts whose levels decline when transcription is inhibited
and those whose transcription is most detectably increased dur-
ing the isolation procedure. It would be expected that the tran-
scripts whose levels are most likely to decline in response to
a-amanitin treatment would be those with the shortest half-lives.
Based on half-life estimates of transcripts in embryonic stem
cells in which the median half-life was found to be 7 hr (Sharova
et al., 2009), the 2,312 MuSC transcripts found to decline had a
median half-life of 4.3 hr. For highly expressed stable transcripts,
transient changes in transcription of those genes would hardly
be detectable in the analysis of total RNA levels. Consistent
with this notion, a comparison of total RNA and newly tran-
scribed RNA revealed that global RNA levels are regulated
more by RNA stabilization and degradation than by de novo syn-
thesis (Windhager et al., 2012). This is also corroborated by our
finding that transcription inhibition during the isolation procedure
reduces only a subset of the genes whose levels change during
the isolation procedure. Comparison of in vivo-fixed MuSCs and
freshly isolated MuSCs revealed increased expression levels of
4,107 genes, whereas transcription inhibition reduced the
expression level of 2,312 genes. This shows that both transcript
synthesis and degradation have important roles in determining
global RNA levels in MuSCs.

There are a few caveats related to transcriptional profiling of
in vivo-fixed MuSCs. Using a method we previously described
to isolate MuSCs from unfixed tissue (Liu et al., 2015), we
found that there is a significant under-digestion of fixed muscle
tissue and a subsequent marked reduction of yield of MuSCs.
Therefore, we had to use a harsher digestion treatment for the
isolation of MuSCs from fixed tissue. Moreover, fixation of
muscle tissue does not allow for optimal antibody-based
FACS isolation of MuSCs. Therefore, we used a transgenic re-
porter strain to isolate MuSCs from fixed muscle by FACS.
Lastly, fixation of MuSCs prior to isolation results in reduced
quality of RNA, as determined by lower RNA integrity number
(RIN) values, when compared to RNA from freshly isolated
MuSCs.

Overall, our studies reveal that in vivo labeling of nascent tran-
scription is a valuable tool to determine the transcriptional activ-
ity of a quiescent stem cell in its niche. Using complementary
approaches, a study being published concurrently in this issue
found similarly that there are transcriptional changes associated
with the process of isolation and purification of MuSCs by FACS
(Machado et al., 2017). Moreover, the methods used in our study
are valuable for determining rapid transcriptional changes un-
derlying cellular processes, such as activation, which would
not necessarily be detectable in the analysis of steady-state
transcript levels. Use of these methods will allow us to probe
the acute response to cellular stressors and will provide new in-
sights into the regulation of quiescence in MuSCs.

EXPERIMENTAL PROCEDURES

Full details are provided in the Supplemental Experimental Procedures.

Mice
LSL-UPRT+/! and RosaeYFP/eYFP mice were purchased from Jackson Labora-

tory. Pax7CreER/CreER mice were kindly provided by Dr. Charles Keller (OHSU).

Pax7CreER/CreER mice were crossed with LSL-UPRT+/! mice to create

Pax7CreER/+:LSL-UPRT+/! experimental mice or with RosaeYFP/eYFP mice to

create Pax7CreER/+:RosaYFP/+ experimental mice. Tamoxifen (Sigma) was

prepared in 7% EtOH and corn oil and administered to 10- to 12-week-old

mice in five doses of 5 mg for 5 consecutive days by intraperitoneal (i.p.) injec-

tion. All experiments were done with 12-week-old male mice.

Mice were housed and maintained in the Veterinary Medical Unit at the

Veterans Affairs Palo Alto Health Care System. All animal protocols were

approved by the Institutional Animal Care and Use Committee (IACUC) board

of the VA Palo Alto Health Care System.

4tU Delivery
A 200 mg/mL stock solution of 4tU (Sigma) in DMSO was made and aliquots

were stored at !20#C. For in vivo labeling of nascent transcripts, the stock

solution was diluted in corn oil to a concentration of 50 mg/mL immediately

before injection. Mice received 4tU at a dose of 400 mg/kg via intraperitoneal

injection at designated times. For labeling of nascent transcripts ex vivo, 4tU

was used at a final concentration of 20 mM.

MuSC Isolation
MuSC isolation was performed as previously described (Liu et al., 2015).

Briefly, hind limb muscles were collected, minced, and digested in Ham’s

F10 medium with 10% horse serum (i.e., wash medium) with collagenase II

at 500 U/mL at 37#C for 1 hr. The muscle suspension was then washed and

digested in wash media with 100 U/mL collagenase II and 2 U/mL dispase

for 30 min at 37#C. Cell suspensions were washed and filtered through a

40-mm cell strainer. MuSCs were purified from cell suspensions from

Pax7CreER/+:LSL-UPRT+/! mice by negative selection with CD31-fluorescein

isothiocyanate (FITC), CD45-FITC, and Sca1-Pacific-Blue antibodies

(BioLegend) and by positive selection with VCAM1-PE-Cy7 antibodies

(BioLegend) using a BD FACS Aria II or a BD FACS Aria III.

In Vivo-Fixed MuSC Isolation
For isolation of MuSCs from fixed tissues, Pax7CreER/+:RosaeYFP/+ mice were

perfused with 10 mL PBS followed by 20 mL 1% paraformaldehyde solution.

Hind limb muscles were dissected, minced using scissors for 10 min in

0.5% paraformaldehyde, and digested in wash medium with collagenase II

at 500 U/mL at 37#C with agitation for 1.5 hr. The muscle suspension was

then washed and digested in wash media containing 0.8 mg/mL Proteinase

K (Roche) at 37#C with agitation for 20 min. Cell suspensions were washed

and filtered through a 40-mm cell strainer. MuSCs from Pax7CreER/+:

RosaeYFP/+ mice were purified by gating mononuclear enhanced yellow fluo-

rescent protein (eYFP)-positive cells using a BD FACS Aria II or BD FACS

Aria III.

RNA-Seq Library Preparation
Synthesis and amplification of cDNA from 100 pg streptavidin-purified

TU-labeled RNA or 500 pg total RNA was done using the SMART-Seq

v4 Ultra Low Input RNA Kit for sequencing (Clontech Laboratories, 634893).

For RNA samples prepared using the RNease FFPE kit, 1 ng total RNA was

used to prepare cDNA. The cDNAwas sheared under the following conditions:

5 min with 10% duty cycle, peak power 175 W, and 200 cycles per burst in the

frequency-sweeping mode (Covaris S220 machine). The sheared cDNA was

purified with 2.2x AMPure XP SPRI beads (Beckman Coulter Genomics,

A63880). RNA-seq libraries were generated using the Ovation Ultralow System

(NuGEN, 0347). A small aliquot from each RNA sample processedwas run on a

Bioanalyzer High Sensitivity DNA chip (Agilent Technologies) and used for

Qubit quantification. High-throughput sequencing was performed on a

Hiseq4000 platform, and four to five samples were mixed at equal concentra-

tion in a single lane for each run.
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Statistics
Data are represented as mean ± SEM. Two-tailed unpaired t tests were per-

formed to determine statistical significance between groups; p values of

*p < 0.05 were considered to be statistically significant.
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