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SUMMARY
Increasing evidence suggests that the muscle stem cell (MuSC) pool is heterogeneous. In particular, a rare subset of PAX7-positive MuSCs

that has never expressed the myogenic regulatory factor MYF5 displays unique self-renewal and engraftment characteristics. However,

the scarcity and limited availability of protein markers make the characterization of these cells challenging. Here, we describe the

generation of StemRep reporter mice enabling the monitoring of PAX7 and MYF5 proteins based on equimolar levels of dual nuclear

fluorescence. High levels of PAX7 protein and low levels of MYF5 delineate a deeply quiescent MuSC subpopulation with an increased

capacity for asymmetric division and distinct dynamics of activation, proliferation, and commitment. Aging primarily reduces the

MYF5Low MuSCs and skews the stem cell pool toward MYF5High cells with lower quiescence and self-renewal potential. Altogether, we

establish the StemRep model as a versatile tool to study MuSC heterogeneity and broaden our understanding of mechanisms regulating

MuSC quiescence and self-renewal in homeostatic, regenerating, and aged muscles.
INTRODUCTION

Muscle stem cells (MuSCs) are tissue-resident stem cells

that are essential for growth, maintenance, and repair of

adult skeletal muscle throughout life (Bachman et al.,

2018; Englund et al., 2020; Lepper et al., 2011; Sambasivan

et al., 2011). Under homeostatic conditions, adult MuSCs

reside in a quiescent state in a niche compartment located

between the basal lamina and the muscle fiber plasma

membrane (Dumont et al., 2015; Mauro, 1961; Schüler

et al., 2022). The long-term regenerative potential of skel-

etal muscle relies on the ability of MuSCs to maintain,

exit, and re-enter quiescence, a reversible cell-cycle-arrested

state allowing cells to respond to different environmental

signals (Ancel et al., 2021; van Velthoven and Rando,

2019). Age-associated regenerative failure of skeletal mus-

cle is governed by defective cell-intrinsic mechanisms con-

trolling features such as quiescence and activation, as well

as by aberrant niche signals from the MuSC microenviron-

ment (Ancel et al., 2021; Mashinchian et al., 2018; Sousa-

Victor et al., 2022). Despite considerable recent success in

characterizing these mechanisms, important unresolved

questions about the balance of intrinsic and extrinsic

signaling during aging and how it affects the stem cell

pool remain (Ancel et al., 2021; Sousa-Victor et al., 2022).
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MuSCs express the paired-box transcription factor PAX7,

a canonical myogenicmarker that represses genes involved

in differentiation and is essential for proper muscle regen-

eration (Ancel et al., 2021; von Maltzahn et al., 2013; van

Velthoven and Rando, 2019). Once they break quiescence,

MuSCs upregulate myogenic regulatory factors (MRFs), a

family of transcription factors associated with lineage pro-

gression and commitment to differentiation (Olguin and

Olwin, 2004; Sambasivan et al., 2011; Seale et al., 2000).

Activated MuSCs contain high levels of MYF5 and MYOD

and subsequently progress toward terminal differentia-

tion by downregulating PAX7, MYF5, and MYOD, while

increasing the expression of Myogenin (MYOG) and

MRF4 (Schmidt et al., 2019; Zammit, 2017).

Compelling evidence arising from the recent advent of

single-cell profiling technologies has revealed an unex-

pected molecular heterogeneity of the MuSC pool. Some

MuSC subsets show differential regulation of cell cycle pro-

gression, lineage commitment, self-renewal, repopulation

of the niche, and the ability to resist environmental stress

(Ancel et al., 2021). High PAX7 levels are associated with

deeply quiescentMuSCs that are slower to enter the cell cy-

cle, have lowermetabolic activity, and have a greater ability

to engraft in serial transplantations (Rocheteau et al.,

2012). Similarly, expression of the surface markers CD34,
thors.
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CD9, and CD104 has been linked to the differential capa-

bilities of MuSCs to repopulate the niche after transplanta-

tion (Beauchamp et al., 2000; Garcı́a-Prat et al., 2020; Por-

piglia et al., 2017). Pax3 expression has been associated

with a subset of MuSCs in deeper quiescence that shows

higher resistance and survival advantages in response to

environmental stresses (Der Vartanian et al., 2019; Scara-

mozza et al., 2019). Apart from the downregulation of

stemness genes involved in maintaining quiescence,

commitment of MuSC subpopulations has been shown to

depend onMRFs. In particular, MYF5 appears to play a cen-

tral role in the epigenetic specification and commitment of

MuSCs toward differentiation (Beauchamp et al., 2000;

Kuang et al., 2007; McKinnell et al., 2008). Using Myf5-

Cre; ROSA26-YFP mice, it has been demonstrated that

MuSCs that are lineage negative for MYF5 self-renew

through asymmetric divisions generating one committed

daughter cell while maintaining a mother ‘‘satellite stem

cell’’ (Kuang et al., 2007). MYF5 lineage-negative cells also

show a higher engraftment and repopulation potential

than lineage-positive cells. Supporting these findings, it

has been shown that PAX7-positive MuSCs that are hap-

loinsufficient for Myf5 show an increased ability to self-

renew and perform better in transplantation assays than

wild-type controls (Gayraud-Morel et al., 2012). Altogether,

these observations suggest that the stem cell pool in skel-

etal muscle is maintained by a MuSC subpopulation with

superior stem cell characteristics. Importantly, given that

aged skeletal muscle contains lower numbers of MuSCs

(Sousa-Victor et al., 2022) and has an impaired regenerative

capacity, it is conceivable that this stem cell subpopulation

is particularly susceptible to the aging process.

Much of our current understanding of the MYF5-nega-

tive MuSC population is based on lineage tracing, which

does not allow for conclusions regarding the real-time dy-

namics of this transcription factor in MuSCs. In addition,

untranslated Myf5 mRNA is sequestered into messenger

ribonucleoprotein (mRNP) granules, making the predic-

tion of protein levels using gene expression reporters chal-

lenging (Crist et al., 2012). Moreover, knockin reporter al-

leles such as the MYF5LacZ or MYF5GFP lines may be

confounded by Myf5 haploinsufficiency leading to altered

MuSC function (Beauchamp et al., 2000; Kassar-Duchossoy

et al., 2004; Tajbakhsh et al., 1996). Lastly, antibodies for

the faithful detection of MYF5 protein in quiescent or acti-

vated MuSCs have been difficult to validate. For these

reasons, the regulation of MYF5 protein in adult MuSCs

and its potential implications in the aging process remain

unclear.

To resolve this long-standing problem and study MYF5

protein levels in adult PAX7-positive MuSCs in vivo, we

generated the StemRep dual-color reporter mouse line

that links the last exon of the Pax7 gene to an in-frame
T2A peptide and a nuclear-targeted zsGreen1 fluorescent

protein. The same approach was used to connect nuclear-

targeted far-red fluorescent E2Crimson to Myf5. In dou-

ble-heterozygous StemRep mice, Pax7 and Myf5 are each

expressed as a single transcript containing the uninter-

rupted coding frame linked to the nuclear-targeted fluores-

cent reporter proteins by T2A. Thus, post-translational

cleavage of T2A in StemRep mice leads to the induction

of dual nuclear fluorescence at equimolecular levels with

MYF5 and PAX7 protein. Here, we demonstrate that the

StemRep line allows for accurate in vivo assessment of

MYF5 and PAX7 protein levels in MuSCs and enables effi-

cient flow cytometry isolation and histological analysis of

different stem cell subpopulations. We discovered that

MuSCs containing high levels of PAX7 and low levels of

MYF5 protein display sustained expression of canonical

quiescence genes, show retention of PAX7 expression and

a delay in MyoD induction after activation, are slower to

enter the cell cycle, undergo asymmetric division, and

have a lower capacity for clonal expansion. Aging induces

a decline in the total number of PAX7-positive cells and

skews the MuSC population toward a higher proportion

of MYF5High cells. Altogether, StemRep mice represent a

novel tool for the assessment of heterogeneity in the adult

MuSC pool under different physiological conditions.
RESULTS

Generation and validation of StemRep mice

To produce dual PAX7 and MYF5 protein reporter

(StemRep) mice, two separate transgenic lines were gener-

ated and later intercrossed. Briefly, a nuclear localization

signal (NLS) fused to Zoanthus sp. green fluorescent pro-

tein (NLS-ZsGreen1) and the dsRed-derived E2Crimson

far-red fluorescent protein (NLS-E2Crimson) was inserted

in frame downstream of the last exon of Pax7 and Myf5

genes, preserving the entire coding region of both genes

(Matz et al., 1999; Strack et al., 2009) (Figures 1A and 1B).

Using this approach, Pax7 and Myf5 are co-translated

with their respective fusion proteins to produce equimolar

amounts of the reporter proteins. Both reporters were pre-

ceded by a self-cleaving T2A peptide sequence to induce

post-translational separation of the reporter and generate

an independent functional PAX7 orMYF5 protein. Success-

ful targeting of both constructs was confirmed by PCR

(Figure S1A), and double-homozygous StemRep mice

were selected for subsequent applications based on greater

signal-to-noise ratio of ZsGreen1 and E2Crimson fluo-

rescence (Figure S1B). No apparent effects of the construct

were observed on hindlimb muscle weight when StemRep

mice were compared to wild-type animals at different ages

(Figure S1C).
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Figure 1. Generation and characterization of StemRep mice
(A and B) Genetic constructs of (A) Pax7-ZsGreen1-NLS and (B) Myf5-E2Crimson-NLS. Representation of the wild-type allele (top), targeted
allele (middle), and knockin allele after flippase-FRT recombination (bottom).
(C) Representative flow cytometry plots of MuSCs (red) derived from StemRep mice and the associated CD11b-/CD31-/CD45-/LY-6A/E�/
CD34+/ITGA7+ antigen signature.
(D and E) Post-sort representative images of cytospin preparations (D) and quantification (E) of MuSCs isolated based on nuclear ZsGreen1
fluorescence that stained positive using antibodies for PAX7. ZsGreen1 reporter, green; PAX7, red; Nuclei (Hoechst), blue. Scale bar,
50 mm. n = 4 mice. Data presented are means ± SEM. ns = not significant in a two-tailed unpaired Student’s t test (E).
We next analyzed the expression of MuSC-specific sur-

face markers in ZsGreen1-positive cells of StemRep mice

(Maesner et al., 2016). PAX7-ZsGreen1 cells were negative

for lineage markers (CD31, CD11b, CD45) and LY-6A/E

(SCA1), but positive for CD34 and ITGA7, consistent

with the expected surface antigen signature of MuSCs

(Figures 1C and S1D). Conversely, all CD34 and ITGA7-pos-

itive MuSCs expressed PAX7-ZsGreen1 (Figure S1E). Post-

sort cytospin analysis showed that the number of

ZsGreen1-positive cells was not significantly different

from cells identified by antibody staining for PAX7

(Figures 1D and 1E). To further confirm the specificity of

the StemRep Pax7 andMyf5 dual reporter alleles in labeling
1026 Stem Cell Reports j Vol. 19 j 1024–1040 j July 9, 2024
MuSCs, differentmuscles and tissues were analyzed by flow

cytometry.While cells isolated fromhindlimb, extraocular,

and diaphragm muscles emitted in the ZsGreen1 and

E2Crimson channels, no fluorescence was detected in

either the brain, liver, or kidney (Figure S1F). Endogenous

ZsGreen1 fluorescence and immunostaining of cryosec-

tions using dsRed antibodies against E2Crimson revealed

robust nuclear fluorescence in the tibialis anterior (TA) of

StemRep mice, while no signal was detected in the brain

cortex, kidney, or liver (Figure S1G). Altogether, these

data demonstrate that PAX7 and MYF5-dependent

dual nuclear fluorescence in StemRep mice is specific to

MuSCs.



Figure 2. Ex vivo and in vivo comparative characterization of MYF5High and MYF5Low MuSCs
(A) Flow cytometry-based isolation strategy for MYF5High and MYF5Low MuSCs.
(B) Representative images of MYF5High and MYF5Low cells in cytospin preparations immediately after sorting. Scale bar, 100 mm.
(C) Histogram showing the proportions of cells positive for either PAX7-ZsGreen1 or MYF5-E2Crimson, or both in isolated MYF5High and
MYF5Low fractions.
(D) Distribution of MYF5High and MYF5Low cells according to E2Crimson intensity following isolation. A total of 1,000 cells per subpop-
ulation were analyzed.
(E and F) Average intensity of E2Crimson (E) and ZsGreen1 (F) fluorescence in each subpopulation.
(G–I) Quantification of cells positive for PAX7-ZsGreen1 endogenous fluorescence and immunolabeled MYF5-E2Crimson on healthy
muscle tissue sections. (G) Representative images and (H) quantification of the number of PAX7-ZsGreen1 and (I) of the mean intensity

(legend continued on next page)
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To characterize MuSCs in StemRep mice, we isolated

ZsGreen1-positive cells, cultured them in high-serum con-

ditions, and live-imaged them every 12 h over a course

of 4 days (Figures S2A–S2C) (Bentzinger et al., 2012).

ZsGreen1-positive cells were able to differentiate and

form elongated myocytes as their confluence increased

(Figures S2A and S2B). This was accompanied by a progres-

sive loss of Pax7 expression as read-out by ZsGreen1 fluo-

rescence (Figures S2A and S2C). In contrast to MYF5, vali-

dated antibodies that are able to faithfully detect PAX7

levels are readily available (Kawakami et al., 1997). Thus,

to validate that nuclear ZsGreen1 correlates dynamically

with the amount of PAX7 protein, we compared its fluores-

cent signal by immunostaining after MuSC isolation and

downregulation in ex vivo culture over a time course of

7 days. PAX7 protein levels began to decline after 2 days

in culture, which correlated directly with nuclear ZsGreen1

fluorescence, showing that the reporter allele closely reca-

pitulates protein dynamics (Figures S2D, S2F, and S2G).

E2Crimson antibody staining showed similar kinetics, sug-

gesting that the fluorescent protein’s half-life is not signif-

icantly longer than the one of ZsGreen1 or MYF5

(Figures S2E and S2H). Moreover, the downregulation of

E2Crimson fluorescence correlated inversely with the dif-

ferentiationmarkerMyogenin (Figures S2E and S2I). In par-

allel, we also tested the stability of the nuclear ZsGreen1 re-

porter following siRNA knockdown of Pax7 (siPax7). Gray

value quantification by western blot over a time course of

30 h revealed that after 12 h of knockdown, PAX7 and

ZsGreen1 were downregulated to the same degree and

continued to correlate until the experimental endpoint

(Figures S2J and S2K). Altogether, these experiments

demonstrate that both nuclear ZsGreen1 and E2Crimson

have half-lives comparable to PAX7 and MYF5 and are

well-suited fluorescent reporters to faithfully read-out

endogenous protein levels.

MYF5-E2Crimson levels identify two subsets of MuSCs

Taking advantage of the StemRep model, we evaluated the

capability of the E2Crimson reporter to discriminate

MYF5 protein levels. Two MuSC subsets were isolated by

fluorescence-activated cell sorting (FACS) at opposite ends

of the E2Crimson spectrum and labeled as MYF5High and

MYF5Low cells (Figure 2A). Re-analysis of sorted cells by

flow cytometry confirmed that the isolated subpopula-

tions consistently localized within the corresponding gates

(Figures S3A and S3B). Fluorescence imaging after sorting
of immunolabeled E2Crimson (MYF5) signal on tibialis anterior cro
50 mm. The number of MuSCs in vivo was estimated by averaging a
per mouse. n = 4 mice. Data presented are means ± SEM; ***p < 0.00
F, H, I).
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revealed that the majority of isolated MYF5Low cells were

only positive for ZsGreen1 fluorescence (Figures 2B and

2C). In contrast, 93% of the sorted MYF5
High

population

were positive for E2Crimson fluorescence with 90% also

exhibiting ZsGreen1 fluorescence (Figures 2B and 2C).

Average quantification of MYF5-E2Crimson fluorescence

intensity in each population further verified that the gating

strategy robustly discriminated MYF5 subpopulations

(Figures 2D and 2E). We observed that ZsGreen1 fluores-

cence tracking PAX7 expression was higher in MYF5Low

compared to MYF5High cells (Figure 2F). Because cell isola-

tion by flow cytometry can alter the quiescent state of

MuSCs (Machado et al., 2017; van Velthoven et al., 2017),

we further validated that theMYF5 subpopulations are pre-

sent in homeostatic muscles prior to isolation by quanti-

fying the number of PAX7-ZsGreen1- and MYF5-

E2Crimson-positive cells in histological cross-sections of

muscles of StemRep mice. The in vivo MuSC population

could be clustered based onMYF5-E2Crimson signal inten-

sity in PAX7-ZsGreen1-positive cells with MYF5High and

MYF5Low subpopulations discriminated with approxi-

mately 10-fold difference in E2Crimson signal intensity

(Figures 2G–2I). In this setting, aMuSCpopulationwithun-

detectable levels of MYF5 could be identified and made up

about 20% of PAX7-ZsGreen1-positive cells in adultmuscle

(Figures 2G and 2H), highlighting that MYF5 expression

range is widespread in healthy quiescent MuSCs and that

MYF5-negative MuSCs are rare in vivo. In summary, these

data demonstrate thatMYF5protein is expressed inhomeo-

staticmuscle and that theMuSC pool is heterogeneous and

contains a rare subset of PAX7High MYF5Low cells.

Functional heterogeneity of MYF5 subpopulations in

StemRep mice

To assess the functional properties of MYF5High and

MYF5Low MuSC subpopulations, isolated single clones

were grown in high-serum conditions for 10 days (Fig-

ure 3A). No evidence of distinct clonal efficiency was

observed, suggesting that the two populations are equally

potent in starting a colony. However, colonies derived

from MYF5High cells were on average larger (634 cells/

clone) compared to the ones yielded by MYF5Low clones

(489 cells/clone) (Figure 3B).Wenext analyzed the distribu-

tion of clones according to their size as well as their relative

frequency. We found that 26% of MYF5Low colonies gener-

ated clones with less than 250 nuclei, while only 16% of

MYF5High clusters fell into this category (Figure 3C). To
ss-sections in uninjured muscle from StemRep mice. Scale bar,
ll PAX7-ZsGreen1-positive cells from 2 complete muscle sections
1, ****p < 0.0001 in a two-tailed unpaired Student’s t test (C, E,



Figure 3. Distinct clonal and functional properties of MYF5High and MYF5Low MuSCs
(A–C) Representative images (A), nuclei count (B), and size distribution of clones from freshly isolated MYF5High and MYF5Low cells after
10 days of culture (C). n = 6 3 96-well plates from a pool of 4 mice. Scale bar, 1 mm.
(D) Representative pictures of PAX7, MYOD, and Myogenin expression in MYF5High and MYF5Low cells after 48 h of culture. Scale bars, 50 mm.
(E–G) Quantification of PAX7 (E), MYOD (F), and Myogenin (G) over a 3-day time course. n = 4 mice.

(legend continued on next page)
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check if MYF5 subpopulations differed in terms of dy-

namics of myogenic progression, we interrogated the

changes in protein levels of PAX7 and MYOD. By 48 and

72 h post-sort, 37% and 84% of MYF5High MuSCs downre-

gulated PAX7, respectively, while 22% and 79%were nega-

tive in theMYF5Low condition at the respective time points

(Figures 3D and 3E). Moreover, MYF5High MuSCs showed a

12%–49% higher induction of MYOD across the 3-day

time course compared to MYF5Low cells (Figures 3D–3F).

Finally, we evaluated differentiation kinetics between the

twoMYF5 fractions and observed that MYF5High cells upre-

gulate MYOG earlier compared to MYF5Low cells (Figures

3D–3G). These results demonstrate that MYF5Low MuSCs

are less committed to myogenic differentiation than

MYF5High cells.

To assess the differentiation efficiency of the two MuSC

subpopulations, MYF5Low and MYF5High cells were plated

at confluence after isolation and the medium was changed

to low-serum conditions the next day (Figure 3H). No sig-

nificant changes were observed in terms of differentiation

capacity based on the number of nuclei within myotubes

and their total area (Figures 3I and 3J). These observations

demonstrate that the differences between the two MuSC

populations are constrained to the stem cell level and,

once a differentiation signal is received, both cell types

are equally potent in progressing through the myogenic

program.

MYF5Low MuSCs reside in deeper quiescence and have

higher self-renewal capacity

To understand how underlying molecular mechanisms

translate into distinct functional properties in MYF5

subpopulations, we performed RNA sequencing using

freshly isolated MYF5Low and MYF5High MuSCs from adult

StemRep mice. For the first time in this study, we observed

sex differences in this experiment. Principal component

analysis of all expressed genes revealed a separation accord-

ing to male and female mice that accounted for 30% of the

total variance, whileMYF5 expression accounted for 19.9%

(Figure 4A). When examining sex-independent gene

signature differences between the MuSC populations, we

observed an enrichment in transcripts related to activation

and differentiation in the MYF5High fraction (Figures 4B–

4D). Supporting the notion that MYF5 levels control the

exit from quiescence and activation, when equal numbers

of freshly isolated MuSCs from StemRep mice were plated

in pro-proliferative media, the nuclei count in the
(H–J) Representative pictures (H) and quantification of fusion capac
was defined as the area positive for the myosin heavy chain (MyHC).
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 in a two-tailed un
E, F, G, I, J).
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MYF5Low condition was 21% lower at 24 h and 14% lower

at 72 h when compared to MYF5High cells (Figures 4E and

4F). Confirming slower activation under pro-proliferative

conditions, 16% fewer MYF5Low MuSCs incorporated EdU

at 24 h when compared to the MYF5High condition (Fig-

ure 4G). Finally, cell cycle analysis showed that most

MYF5Low MuSCs (59%) were still in G0 after isolation

(Figures 4H–4J and S4A–S4C). On the other hand, only

21% of MYF5High MuSCs were found in G0, whereas the

vast majority (75%) had already transitioned into G1

(Figures 4I, 4J, and S4A–S4C). Collectively, these results

demonstrate that MYF5Low MuSCs in StemRep mice acti-

vate slower than MYF5High cells.

MuSCs maintain their stemness throughout life via a

tightly regulated control of the balance of quiescence

and the ability to self-renew during cell division (Ancel

et al., 2021). To evaluate whether the MYF5 MuSC sub-

populations reside in different states of quiescence, we

performed qPCR for several validated markers (Fukada

et al., 2007; van Velthoven and Rando, 2019). Notably,

all quiescence markers assessed were significantly enriched

in the MYF5Low fraction compared to MYF5High MuSCs

(Figures 5A–5D). We next evaluated whether MYF5Low

and MYF5High MuSCs show differential self-renewal capa-

bilities using an ex vivo assessment of the asymmetric segre-

gation of MYOD in cell doublets in the two MYF5 subpop-

ulations during the first round of division between 18 and

36 h post-sort (Figures 5E–5G). At both time points, thema-

jority of MYF5High MuSCs underwent symmetric divisions

while MYF5Low MuSCs showed almost exclusively asym-

metric MYOD segregation into daughter cells (Figures 5E–

5G). Overall, these results demonstrate that the rare

MYF5Low MuSC subpopulation resides in deeper quies-

cence and exhibits more robust asymmetric division to

enable self-renewal compared to MYF5High cells.

In vivo dynamics of MYF5 subpopulations during

muscle regeneration

Because of the central role of MuSCs in skeletal muscle

regeneration, we capitalized on the StemRep model to

dynamically monitor MYF5 subpopulations at different

stages after activation in vivo. MuSCs were isolated after car-

diotoxin injury and analyzed at different time points by

flow cytometry. Consistent with a downregulation of

both PAX7 andMYF5 duringmyogenic progression at early

time points after injury (Bentzinger et al., 2012; Schmidt

et al., 2019), the fluorescence intensity of both reporters
ity (I) and myotube size (J) of MYF5 subpopulations. Myotube area
Scale bar, 100 mm. n = 4 mice. Data presented are means ± SEM;
paired Student’s t test for each condition and/or time point (B, C, D,



(legend on next page)
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at 3 and 7 days post injury (dpi) markedly decreased (Fig-

ures 6A, 6B, and S5). ZsGreen1 and E2Crimson fluores-

cence was progressively restored to basal levels as MuSCs

re-entered quiescence after repair in later stages at 14 and

21 dpi. Immunostaining quantification using ZsGreen1

endogenous fluorescence and dsRed antibody against

E2Crimson showed that the number of myogenic progen-

itors increased over 20-fold at 3 dpi before returning to ho-

meostatic levels around 21 dpi (Figure 6C). PAX7High

MYF5Low MuSCs were detectable throughout all stages of

skeletal muscle regeneration on muscle sections (Fig-

ure 6D). These data demonstrate that StemRep mice allow

to monitor PAX7- and MYF5-based heterogeneity in the

MuSCs pool during regeneration in situ.

Aging specifically reducesMYF5Low cells and skews the

MuSC pool toward MYF5High cells

StemRep mice developed the expected bona fide skeletal

muscle wasting phenotypes during aging, with muscle fiber

size distribution in old 24-month-old (m.o.) StemRep mice

shifting toward smaller myofibers and 17% reduction in

average fiber area compared to 4 m.o. adult controls

(Figures S6A and S6B). To study how MYF5 protein levels

in MuSCs are regulated during the aging process, we evalu-

ated their fluorescence profile in hindlimb muscles of adult

and agedmice byflowcytometry (Figure 7A).Compared to 4

m.o. adult mice with a predominantly quiescent MuSC

pool, aged 24 m.o. muscles contained fewer MuSCs

(Figures 7A and 7B) and displayed a 13% increase in

E2Crimson mean fluorescence intensity across the entire

stem cell population (Figures 7A–7C). In line with the

assumption that the maintenance of uncommitted MuSCs

is impaired with aging, the MYF5High population became

more abundant in 24 m.o. StemRep mice (Figures 7D, 7E,

S6C, and S6D). To confirm our flow cytometry analysis his-

tologically, we quantified the number of PAX7-ZsGreen1

andMYF5-E2Crimson cells inmuscle cross-sections of adult

and aged StemRep mice. This experiment revealed that

aging of StemRep mice reduced the amount of PAX7-

ZsGreen1-positive cells by 26% (Figure 7F) and skewed the

distribution of MYF5 MuSC subpopulations with a reduced

proportionMYF5Low butnotMYF5High cellswhen compared
Figure 4. MYF5Low MuSCs activate slower than MYF5High cells
(A) Principal component analysis of MYF5High and MYF5Low MuSCs isola
50,000 MuSCs isolated from a pool of 4 animals.
(B) Heatmap of differentially expressed genes between the MYF5High

(C and D) Differential expression of selected muscle- (C) and cell cyc
(E–G) Representative images (E) and quantification of nuclei (F) and E
3-day time course.
(H–J) Cell cycle analysis of MYF5Low (H) and MYF5High (I) population
portion within each cell cycle phase (J). Scale bar, 50 mm. n = 4 mice. D
in a two-tailed unpaired Student’s t test for each condition and/or ti
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to adult controls (Figures 7G–7I). These changes in propor-

tion translated to a 74% decrease of the absolute number

of MYF5Low cells in aged muscle (Figure 7J), without signifi-

cant changes of MYF5High cells (Figure 7K), demonstrating

that aging affects specifically the MYF5Low population

with higher quiescence. Altogether, these data support the

notion that aging affects the MuSC pool by reducing the

number of self-renewing PAX7High MYF5Low cells, which re-

sults in exit from quiescence and a higher propensity to acti-

vate and commit to differentiation.
DISCUSSION

Diverse post-transcriptionalmechanisms regulatingmRNA

stability, storage, and the rate of translation have been

discovered (Shyu et al., 2008). In particular, stem cell pop-

ulations that remain quiescent over much of their lifetime

are able to store mRNA allowing them to be primed for effi-

cient activation (Cheung and Rando, 2013). These consid-

erations are particularly important with respect to the regu-

lation ofMYF5, which has been shown to be a key factor for

MuSC commitment. In quiescent MuSCs, the mRNA cod-

ing for MYF5 and microRNA-31 suppressing its translation

have been shown to be stored in mRNP granules (Crist

et al., 2012). Once the cells activate, mRNP granules in

MuSCs dissolve and miR-31 levels are lowered leading to

an accumulation of MYF5 protein. In the earliest stages of

MuSC activation, this process has been suggested to be in-

dependent of transcription. Another mechanism uncou-

pling mRNA from protein levels in quiescent MuSCs in-

volves the translation initiation factor eIF2a (Zismanov

et al., 2016). eIF2a is phosphorylated by PKR-like endo-

plasmic reticulum kinase leading to a general downregula-

tion of global translation and selectivity toward certain

mRNAs. In addition, phosphorylated eIF2a is required for

the formation and maintenance of mRNP granules con-

taining MYF5 and MYOD. Therefore, knockin reporter al-

leles for MYF5 such as MYF5LacZ or MYF5GFP provide valu-

able insights into gene regulation, but make it difficult to

predict protein levels accurately (Beauchamp et al., 2000;

Kassar-Duchossoy et al., 2004; Tajbakhsh et al., 1996).
ted from male and female StemRep mice. Each datapoint represents

and MYF5Low transcriptomes.
le-related genes (D) between MYF5 fractions in the male datasets.
dU-positive cells (G) in MYF5High and MYF5Low subpopulations over a

s by flow cytometry and corresponding quantification of cell pro-
ata represent means ± SEM; *p < 0.05, ***p < 0.001, ****p < 0.0001
me point (C, D, F, G, J).



Figure 5. MYF5Low cells are deeply quiescent and exhibit increased self-renewal compared to MYF5High cells ex vivo
(A–D) qPCR of canonical quiescence genes in MYF5 subpopulations. n = 8 mice.
(E–G) Representative images at 36 h (E) and ex vivo quantification at 18 (F) and 36 h (G) post-sort of asymmetric segregation of MYOD in
MYF5 cells. Scale bar, 50 mm. n = 4 mice. Data represent means ± SEM; *p < 0.05, **p < 0.01, ****p < 0.0001 in a two-tailed unpaired
Student’s t test for each population (A, B, C, D, F, G).
Depending on the targeting strategy, such alleles can also

result in haploinsufficiency accompanied by a partial loss

of gene product (Morrill and Amon, 2019). Thus, gene-

dosage-dependent effects are yet another aspect that needs

to be considered when analyzing stem cell function in

knockin reporter models.

Raising antibodies to a protein of interest can help deter-

mine and study its function. However, this approach is not
always successful, and off-target reactivity as well as high

levels of background signal are often a problem. As an alter-

native, epitope tagging, for instance using fluorescent pro-

teins, is a frequently employed strategy to characterize, pu-

rify, and determine the in vivo localization of gene products

(Brizzard, 2008). A limiting aspect of epitope tags is their

potential interference with protein structure and function.

The recent discovery of ‘‘self-cleaving’’ 2A peptides that are
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Figure 6. Characterization of MYF5High and MYF5Low MuSC subpopulations during muscle regeneration
(A and B) Flow cytometry analysis of PAX7-ZsGreen1 (A) and MYF5-E2Crimson (B) fluorescence intensity dynamics in MuSCs isolated from
quadriceps under uninjured conditions and at 3, 7, 14, and 21 dpi.
(C and D) Quantification (C) and representative images (D) of MuSC subpopulations from tibialis anterior histological cross-sections
at multiple stages of regeneration. Scale bar, 50 mm. n = 4 mice per group, each datapoint represents one mouse. Data presented are
means ± SEM.
present in a wide range of viral families has allowed to

partially bypass this problem (Liu et al., 2017). 2A-medi-

ated self-cleavage has been suggested to involve a failure

of the ribosome in making a peptide bond (Liu et al.,

2017; Luke et al., 2008). Therefore, 2A peptides can be

used to link a genomic locus of interest to post-translation-

ally cleaved epitopes leaving protein function unimpaired

and resulting in equimolar levels of gene product and re-

porter. While subcellular localization is difficult to analyze

using this strategy, it is well suited to measure the amount

of a given protein product across cell populations. Impor-

tantly, when quantitative assessment of a gene product

based on a reporter molecule is attempted, 2A peptides

have the advantage that they do not suffer from lower

expression levels of downstream proteins occurring in bi-

cistronic mRNA open reading frames with internal ribo-

somal entry site elements (Hennecke et al., 2001). Next to

P2A derived from porcine teschovirus-1 2A, the T2A pep-

tide derived from Thosea asigna virus 2A has been shown

to have particularly high cleavage efficiency inmammalian

cells (Donnelly et al., 2001; Kim et al., 2011; Szymczak

et al., 2004). Here, we used T2A to link the last exon of

the Pax7 and Myf5 genes to two different nuclear-targeted
1034 Stem Cell Reports j Vol. 19 j 1024–1040 j July 9, 2024
fluorescent proteins, allowing for assessment of the dy-

namics of these two factors on the protein level in vivo

and after isolation in vitro. NLSs are short peptides that

mediate the translocation of proteins from the cytoplasm

into the nucleus (Mahato et al., 1999). MuSC numbers

and function are often analyzed using thin skeletal muscle

cross-sections. Due to their two-dimensional nature, it is

challenging to quantify the confines of cells marked by cy-

toplasmatic or membrane proteins in this type of sample

preparation. The addition of NLS to the reporter proteins

in StemRep mice has solved this problem and allows for

convenient identification, quantification, and isolation of

MuSCs with different levels of PAX7 and MYF5. Thus, the

StemRep model will facilitate the study of MuSC heteroge-

neity under different physiological and pathological

conditions.

Using StemRep mice, we confirmed that all cells express-

ing the canonical MuSC cell surface markers a7-integrin

and CD34 were positive for PAX7-ZsGreen1 fluorescence.

Live-cell imaging, muscle regeneration after experimental

injury, and flow cytometry analysis at different ages

confirmed that PAX7-ZsGreen1 and MYF5-E2Crimson re-

porters are dynamically regulated and faithfully recapitulate



Figure 7. Aging primarily affects MYF5Low MuSCs
(A) Representative flow cytometry profiles of MuSCs isolated from adult (4 m.o., left) and aged (22 m.o., right) StemRep mice.
(B) Flow cytometry-based quantification of MuSC numbers in adult and aged StemRep mice. n = 4 mice, 2 pools of 2 mice.
(C) Quantification of MYF5-E2Crimson mean fluorescence intensity in MuSCs derived from adult and aged StemRep mice.
(D and E) Proportion of MYF5Low (D) and MYF5High (E) MuSCs in adult and aged StemRep mice. n = 3 mice per group, each datapoint
represents one mouse.
(F–K) Representative images (F) and quantification of total PAX7 positive cells (G), proportion, and absolute numbers of MYF5Low (H, J)
and MYF5High (I, K) cells on uninjured tibialis anterior cross-sections from adult and aged StemRep mice. n = 4 mice, each datapoint
represents one mouse. Scale bar, 50 mm. Data presented are means ± SEM. *p < 0.05, **p < 0.01 in a two-tailed unpaired Student’s t test for
each population (B, C, D, E, G, H, I, J, K).
the temporal endogenous expression patterns of PAX7 and

MYF5 (Bentzinger et al., 2012). Although both MYF5Low

and MYF5High MuSCs isolated from StemRep mice were

equally capable of forming stem cell colonies andmyotubes,

MYF5Low cells were slower to enter cell cycle, proliferate, and

commit to myogenic differentiation, demonstrating that
this subpopulation resides in a deeper state of quiescence

compared toMYF5High cells. This observationwas supported

by molecular analyses of the MYF5 subpopulations,

showing that MYF5High cells are enriched in transcripts

implicated in early activation whereas MYF5Low MuSCs ex-

pressed higher levels of canonical quiescence markers.
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About 20% of MYF5Low MuSCs in StemRep mice are pre-

sent in adult homeostatic muscle and persist throughout

regenerative myogenesis, which aligns with the finding

that cells with only one genomic copy ofMyf5 have a higher

self-renewal capacity and engraft better than MuSCs with

two copies of Myf5 (Gayraud-Morel et al., 2012). Similarly,

a subpopulationof asymmetrically self-renewingMYF5-line-

age-negative satellite stem cells was also found inMyf5-Cre;

ROSA26-YFP mice (Kuang et al., 2007). Furthermore, previ-

ous work has identified a subset of PAX7-positive MuSCs

that is able to downregulate MYOD and withdraw from the

cell cycle following activation (Zammit et al., 2004). It has

been suggested that this represents amechanism to generate

‘‘reserve cells’’ that are set aside for subsequent rounds of

injury and repair. These data further support the idea that

MYF5Low cells with their inherent capacity for asymmetric

segregation of MYOD along with slower activation and

cycling kinetics, and increased quiescence features, play an

important role in maintaining the MuSC pool. We also

observed thatMYF5Low cells with high self-renewal capacity

through asymmetric division contain significantly increased

levels of PAX7 protein, which represents a notable parallel

with the PAX7-nGFPHi subpopulation observed in mice

with a nuclear GFP inserted into the first exon of Pax7 gene

that was shown toundergo asymmetric DNA strand segrega-

tion (Rocheteau et al., 2012). The discovery that MYF5Low

MuSCs are residing in deep quiescence is yet another com-

mon denominator with previous studies describing superior

stemness characteristics of the most dormant stem cell pop-

ulations in skeletal muscle (Garcı́a-Prat et al., 2020; Roche-

teau et al., 2012; Rodgers et al., 2014). Here, we present the

unifying hypothesis that adult skeletal muscle contains a

singular subpopulation of MuSCs with superior stem cell

character and self-renewal capacity that resides in deep

quiescence and is characterized by high levels of PAX7 and

low levels of myogenic commitment factors such as MYF5

and MYOD. This population of cells likely plays a central

role in maintaining the stem cell pool and the regenerative

capacity of skeletal muscle.

To demonstrate a specific application of StemRepmice in

studying physiological changes, we examined the influ-

ence of age on the MYF5Low and MYF5High MuSC subpop-

ulations. When compared to adult 4 m.o. StemRep mice,

aged 24 m.o. StemRep mice showed higher levels of

MYF5 across the entire MuSC population. Aging also

specifically reduced the amount of MYF5Low MuSCs, sup-

porting themodel that aging causes a break of MuSC quies-

cence which impairs maintenance of the uncommitted

stem cell pool and ultimately contributes to regenerative

failure (Ancel et al., 2021; Brack et al., 2007). Next to aging,

an impaired healing capacity of skeletal muscle has been

described to accompany many other conditions, including

muscular dystrophy and cancer cachexia (Deprez et al.,
1036 Stem Cell Reports j Vol. 19 j 1024–1040 j July 9, 2024
2023; Mashinchian et al., 2018). Therefore, future experi-

ments using the StemRep alleles on disease backgrounds

may provide important novel insights into pathogenesis

andmight unravel therapeutic approaches to target specific

MuSC subpopulations.

Our study draws several important parallels with previ-

ous work, fills in long-standing gaps in our understanding

of MuSC subpopulations, and establishes the StemRep line

as a novel tool for the interrogation of stem cell heterogene-

ity in skeletal muscle. Our results unify multiple existing

theories about the quintessential stem cell population in

skeletal muscle and point toward a fraction of roughly

20% of MuSCs that reside in deep quiescence and are

marked by high PAX7 and low MYF5 protein levels. The

broad availability of StemRep mice to the field will enable

future in-depth studies addressing themolecular character-

istics of this MuSC population in health and disease.
EXPERIMENTAL PROCEDURES

Resources availability

Lead contact
Further information and requests for resources and reagents

should be directed to and will be fulfilled by the lead contact,

Pascal Stuelsatz (pascal.stuelsatz@rd.nestle.com).

Materials availability

The newly generated StemRepmice could be available from the in-

vestigators and distributed by Taconic Biosciences. All softwares

used were freely or commercially available. Any additional infor-

mation required to reanalyze the data reported in this paper is

available upon justified request to the corresponding author. Other

materials are available upon justified request within the limits of

non-renewable materials.

Data and code availability

RNA sequencing data have been deposited to Gene Expression

Omnibus under accession number GEO: GSE207321.

Animal housing and ethics
All in vivo experiments and protocols were performed in compli-

ance with the regulations of the Swiss Animal Experimentation

Ordinance and approved by the internal ethics committee of

Nestlé Research and the ethical committee of the canton de

Vaud under license VD3331. Mice were housed under standard

conditions (up to 5 mice per cage) and allowed access to food

and water ad libitum. Unless otherwise specified, all experiments

were conducted using bothmales and females at an approx. 1:1 ra-

tio. All data were systematically analyzed for sex differences and

the results were reported if divergence was observed. For aging

studies, animals were bred and housed in the same facility using

housing conditions described previously.

Isolation of MYF5 subpopulations by FACS
MuSCs from StemRep mice were isolated as previously described

(Lukjanenko et al., 2016). Hindlimbmuscles from injured or unin-

jured mice were collected, minced, and digested with Dispase II

mailto:pascal.stuelsatz@rd.nestle.com


(2.5 U/mL) (Roche), Collagenase B (0.2%) (Roche), and MgCl2
(5 mM) at 37�C. The preparation was then filtered sequentially

through 100 micron and 30 micron filters. For initial validation

of the PAX7/MYF5 model, cells were incubated at 4�C for

30 min with antibodies against CD45 (Invitrogen, #MCD4528,

1/25), CD31 (Invitrogen, #RM5228, 1/25), CD11b (Invitrogen,

#RM2828, 1/25), CD34 (BD Biosciences, #560238, 1/60), Ly-6A/E

(BD Biosciences, #561021, 1/150), and ITGA7 (R&D Systems,

#FAB3518N, 1/30). MYF5 subpopulations identified as PAX7-

ZsGreen1 positive andMYF5-E2Crimson high or lowwere isolated

using a Beckman Coulter Astrios cell sorter.

Muscle regeneration
Muscle regeneration was induced by intramuscular injection

of 25, 50, and 50 mL of 20 mM cardiotoxin (Latoxan) into the

TA, gastrocnemius (GC), and quadriceps femoris (QD) muscles,

respectively, under a short anesthesia using 2% isoflurane.

For analgesia, buprenorphine was administered at a dosage of

0.1 mg/kg subcutaneously before the intramuscular injection fol-

lowed by a second dose 24 h after. Mice were sacrificed by CO2

exposure 3, 7, 14, or 21 days post-injury and muscles were

collected for analysis. TA muscles were mounted on 6% traga-

canth gum (Sigma, #G1128) and frozen in isopentane (Sigma,

#M32631) cooled with liquid nitrogen for histological analysis.

GC and QD muscles were immediately processed after harvest

for analysis by flow cytometry.

Cell cycle analysis of MYF5 subpopulations by flow

cytometry
To facilitate identification of different phases of cell cycle, MuSCs

from StemRep mice were stained with Hoechst 33342 (Sigma,

#B2261) and Pyronin Y (Sigma, #P9172). After isolation, MuSCs

are resuspended in 1 mL of growing medium (DMEM with 20%

heat-inactivated FBS, 10% horse serum, 2.5 ng/mL bFGF, 1% P/S,

and 1%L-glutamine) containing 10 mg/mLofHoechst 33342. Cells

were incubated at 37�C in an incubator for 45 min. After this incu-

bation period, Pyronin Y was directly added to a final concentra-

tion of 100 mg/mL and incubation continued at 37�C for additional

15min. The cells were then analyzed using an LSR Fortessa (Becton

Dickinson).

Histology and image analysis
Frozen TA muscles were sectioned at 10 mm with a cryostat (Leica

Biosystems). Samples were fixed with 4% PFA (EMS, #157-4-100)

and permeabilized in 0.5% Triton X-100 (Sigma, X100) diluted

in PBS (PBTX). Sections were further blocked in 4% BSA for 2 h.

For immunostaining, the slides were incubated with primary anti-

bodies anti-E2Crimson (Takara Bio, #632496, 1/1,000), anti-PAX7

(purified hybridoma,DSHB, 1/200), and anti-Laminin (LSBio, # LS-

C96142, 1/1,000). Nuclei were labeledwithHoechst 33342 (Sigma,

#B2261) during secondary antibody incubation (Thermo Fisher

Scientific, #A21245 and #A21437). Slides were then mounted us-

ing Dako fluorescent mounting medium (Agilent, #S302380-2)

and imagedwith theOlympus VS120 and VS200 slide scanner. Im-

ages were analyzed using the VS-ASW FL software measurement

tool. The number of PAX7- and MYF5-positive cells was deter-

mined by manually counting injured areas on muscle sections.
To access the expression of PAX7 and MYF5 in quiescence during

homeostasis, Qupath, an open-source image analytical software,

was used to annotate define region of interest (ROI) (Bankhead

et al., 2017). First, tissue area and fibers were automatically identi-

fied according to LAMININ segmentation. Then, MuSCs were de-

tected as areas of staining above the background level by applying

intensity thresholds for the labeled proteins within ROI. Annota-

tion measurements were exported, and information on size, num-

ber, intensity features, and numbers of positive cells was obtained

per image.
MuSC-derived myoblasts and staining
FACS-isolated MYF5High and MYF5Low cells were directly plated

onto 0.2% gelatin-coated 384-well plates in growth medium

(DMEM supplemented with 20% heat-inactivated FBS, 10% horse

serum, 2.5 ng/mL bFGF, 1% P/S and 1% L-glutamine). To assess

proliferation, 5 mM EdU was added in the medium for 2 h prior

to the assessed time points. EdU incorporation was revealed using

theClick-iTassay (Thermo Fisher Scientific, #C10338) according to

manufacturer’s instructions. Briefly, cells were fixed during 15min

in 4% PFA, permeabilized during 20 min in PBTX 0.5%, stained

with the Click-iT reaction mix, and counterstained with

Hoechst 33342 (Sigma, #B2261). To assess differentiation, 5,000

MYF5High andMYF5Low cells were seeded onto 0.2% gelatin-coated

384-well plates in growing medium. 12 h post-plating, cells were

switched to differentiating conditions (DMEM with 5% horse

serum and 1% P/S) and fixed after 4 days. To track MuSC fate

over time, 1,000 ZsGreen1-positive cells were seeded onto 0.2%

gelatin-coated 384-well plates in growing medium. Cells were

grown for 5 days in growth medium. MuSC differentiation was

induced after five days of growth, by switching to differentiation

medium for 2 days. Immunostaining was performed by blocking

for 1 h in 4% BSA (Sigma, #A8022) and staining with anti-dsRed

(Takara Bio, #632496, 1/1,000), anti-PAX7 (purified hybridoma,

DSHB, 1/1,000), anti-MYOD (LSBio, # LS-C143580-100, 1/500),

anti-Myogenin (Abcam, #124800, 1/500), or anti-MyHC (Merck,

#05-716, 1/200) and then with appropriate secondary antibodies

(Thermo Fisher Scientific, #A21245 and #A32727) and Hoechst

33342 (Sigma, #B2261). Images were acquired using the

ImageXpress (Molecular Devices) platform and quantifications

were performed using the MetaXpress software (Molecular

Devices). Exclusion of staining artifacts was performed based on

morphological analysis and myotubes were detected based on

the segmentation of MyHC staining. Multi-wavelength cell

scoring was performed by identifying positive and negative popu-

lations based on a minimum intensity threshold for each marker

using an automated image processing module.

To identify asymmetric and symmetric divisions, MYOD was

used as a segregation marker. Images from MuSC ex vivo culture

at 18 and 36 h were analyzed. Cell divisions were manually de-

tected by tracking a pair of cells or a cluster of cells in close prox-

imity. Then, thresholding detection was applied to generate a clas-

sifier and extract features for every staining combination due to

fluorescence channel dependency. A cutoff was applied based on

the intensity of MYOD staining, to classify each cell division as

symmetric (MYOD in both daughter cells) or asymmetric (MYOD

only in one daughter cells).
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qPCR of quiescence genes on MYF5 subpopulations
Freshly isolatedMYF5High andMYF5Low cells from 4 adultmale indi-

vidualmice. Each samplewas processed as a biological replicate. Cell

pellets were lysed with RLT buffer containing beta-mercaptoethanol

and cooled down at�80�C. RNAwas extracted using Micro RNeasy

Kit (QIAGEN, # 74004) following supplier’s instructions. RNA sam-

ples were subjected to reverse transcription using random primers

fromHigh-Capacity cDNA Reverse Transcription Kit (Thermo Fisher

Scientific, #4368814). Quantitative PCR on MuSC was performed

using Master Mix for TaqMan Universal PCR (Thermo Fisher

Scientific, #4305719) on a LightCycler 480 (Roche) and the

following probes were used: Cd34: Mm00519283_m1, Cxcr4:

Mm01996749_s1, Calcr: Mm00432282_m1, Pax7: Mm01354484_

m1, and Gapdh: Mm99999915_g1.

RNA sequencing of MYF5High and MYF5Low

subpopulations
MYF5High andMYF5LowMuSCs were isolated from a pool of 4male

and 4 female mice and repeated in two independent experiments,

and total RNA was extracted using Agencourt RNAdvance Tissue

Kit (Beckman Coulter, #A32646) with a quality score of RQN 9.3

to 10. Libraries were constructed from cDNA generated and ampli-

fied (21 cycles) from 20 ng of RNA, following the user guide with

QuantSeq 30 mRNA-Seq Library Prep Kit FWD for Illumina (Lexo-

gen) without any modification. Libraries were quantified with

Quant-iT Picogreen (Invitrogen, #10545213). The library sizes

were controlled with the High Sensitivity NGS Fragment Analysis

Kit on a Fragment Analyzer (Agilent). Sequencing was performed

on HiSeq 2500 with Rapid V2 chemistry SR 65 cycles (Illumina) us-

ing two different flow cells loaded at 2 pM and with 3% Phix. Pri-

mary data quality control was performed during the sequencing

run to ensure the optimal flow cell loading (cluster density) and

check the quality metrics of the sequencing run.

Statistical analyses
Unless otherwise stated, data were analyzed using the Prism 9 soft-

ware package and represented as mean ± standard error to the

mean (SEM). The SEM represents the precision of the mean esti-

mate and indicates the uncertainty associated with the sample

mean. In our case, the larger SEM reflects the inherent variability

and potential sampling error due to the relatively small sample

size (n = 4). To correct this limitation, we also included a supple-

mentary table summarizing the average values of all graphs and

the respective standard deviations, as well as the confidence inter-

vals (Table S1). Readouts used in this study were assessed for

normality based on the distribution of historical values acrossmul-

tiple experiments using a D’Agostino-Pearson test. Two conditions

comparisons were analyzed using a Student’s t test.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/

10.1016/j.stemcr.2024.05.005.
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