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Abstract

Stem cells are maintained through symmetric or asymmetric cell divisions. While various
mechanisms initiate asymmetric cell fates during mitosis, possible epigenetic control of this
process has emerged recently. The asymmetrical distribution of a canonical histone H3
variant during mitosis in fly germline has suggested a role for partitioning old and new
nucleosomes in asymmetric cell fates. Here, we provide resources for single cell assays and
show the asymmetric segregation of transcription factors along with old and new DNA in
mouse muscle stem cells ex vivo and in vivo. However, these differential fate outcomes
contrast with a symmetric distribution of the canonical H3.1 vertebrate variant. These
findings point to different evolutionary mechanisms operating in fly germline stem cells and

vertebrate somatic stem cells to mitigate epigenetic regulation of asymmetric cell fates.
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A long-standing question in multicellular organisms is how epigenetic information is
transmitted or changed through cell division. The nucleosome is the basic unit of chromatin
and notably contributes to gene expression regulation through its composition (histone
variants and modifications). It is therefore particularly critical to determine how, and where in
the genome, the choice of histone variants, their turnover and post-translational modifications
contribute to the maintenance or switch of a particular cell fate.

Histone dynamics has been addressed with a variety of approaches, on bulk chromatin
or at specific loci. Stable isotope labeling followed by mass spectrometry analysis notably
revealed differences in turnover rates of the histone H3 variants H3.1 and H3.3'. Fluorescent
tags were used to assess global incorporation or inheritance patterns of H3 variants in D.
melanogaster’. Additionally, photo-bleaching, photo-activation and photo-conversion have
been used to measure histone dynamics on short timescales*. Complementary approaches
were developed to measure locus-specific histone dynamics, by sequential expression of
tagged histones followed by chromatin immunoprecipitation and DNA sequencing’®, which
have poor temporal resolution, or by metabolic labeling of histone proteins, which has a better
resolution but does not distinguish between different histone variants’. Although these
methods provided significant insights into chromatin dynamics, they suffer from specific
downsides, from lack of positional information to delays in expression of inducible reporters.
In addition, current knowledge about histone dynamics arises predominantly from in vitro
models where cell fate cannot be manipulated.

Histone H3 variants have a major role in epigenetic maintenance during development
and disease®’, but tools to measure histone dynamics in vivo either globally or at specific loci
are lacking. Here, we sought to investigate histone H3 variants dynamics in vivo in mouse,
using SNAP tags as reporters and skeletal muscle stem cells as a model of changes in cell

fates. SNAP tags react specifically and irreversibly with benzylguanine derivatives'. A
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number of cell-permeable SNAP substrates are available (fluorescent, biotinylated or
amenable to custom-probe synthesis through benzylguanine building blocks), with low
toxicity and allowing fast and quantitative labeling''. SNAP tags were reported to work
efficiently and specifically in vivo in mice'?, and proved to be superior to classical fluorescent
proteins in terms of spectral flexibility, signal-to-noise fluorescence and resistance to
histological sample preparations'>"”. Further, SNAP tags allow the development of
functionalities via synthetic substrates that cannot be achieved with classical genetically
encoded reporters'®. Finally, SNAP tags have been used extensively to measure histone H3

variants dynamics on bulk chromatin'>"®

, and were adapted recently to measure specific
histone variants turnover genome-wide'.

In most tissues, stem cells self-renew and give rise to daughter cells committed to
differentiation, thereby ensuring both tissue homeostasis and maintenance of the stem cell

pool®

. This can be achieved through different modes of cell division, either symmetric
(Symmetric Cell Division, SCD), self-renewing or differentiating, or asymmetric
(Asymmetric Cell Division, ACD) divisions. Fine-tuning the balance between these different
modes is critical for proper tissue development, homeostasis and regeneration, and to prevent
tumorigenesis™.

A variety of subcellular constituents, including transcripts, organelles, centrosomes or
sister chromatids can distribute asymmetrically between daughter cells during cell division®'.
A major challenge is to understand how their biased segregation dictates asymmetric cell
fates™. The hypothesis of a role for replication-coupled nucleosome assembly in determining
asymmetric cell fates in C. elegans nervous system has raised much interest”. Furthermore,
recent studies reported non-equivalent inheritance of specific histone variants during ACD of

324

D. melanogaster male germline stem cells (GSCs)™™. These findings along with the

importance of chromatin in cell plasticity’ raised the possibility of an epigenetic mechanism
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for maintaining the identity of self-renewed stem cells while resetting the identity of their
differentiating sibling cells.

Here we sought to investigate whether the non-equivalent inheritance of specific
histone variants is conserved in mammals, using mouse skeletal muscle stem cells as a model.
Adult skeletal muscle satellite (stem) cells are mostly quiescent during homeostasis.
Following muscle damage, they proliferate and differentiate into muscle fibres by cell-cell
fusion®?°. A fraction of the population self-renews and reconstitutes a de novo satellite cell
pool. This is accompanied by a temporal expression of cell fate markers, such as the
transcription factors Pax7 (stem), Myod (commitment) and Myogenin (differentiation).
Satellite cells can divide symmetrically and asymmetrically during muscle regeneration” >,

which is critical for proper muscle regeneration and maintenance of the satellite cell

27,30,31
pool™"~"",

Results

To address whether the mechanism uncovered in Drosophila GSCs operates in a
somatic mammalian stem cell, we developed a pulse-chase approach to follow histone
variants using SNAP tags. SNAP-tagged histones have been used for addressing human H3.1
and H3.3 turnover during DNA replication and repair'®'®. The asymmetric inheritance of H3,
but not H3.3, reported in D. melanogaster GSCs® prompted us to generate mouse reporter
lines expressing SNAP-tagged H3.1 and H3.3 to follow their inheritance patterns during ACD
of satellite cells.

H3.1-SNAP and H3.3-SNAP transgenes were expressed in several tissues
(Supplementary Fig. 1a), at low levels (< 20%) compared to endogenous histone expression
(Supplementary Fig. 1b). SNAP labeling of embryonic fibroblasts derived from reporter mice

showed ubiquitous H3.I/-SNAP expression, whereas H3.3-SNAP expression was lower and
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98 variegated (data not shown). Furthermore, as reported'® we find that newly deposited H3.1-
99 SNAP histones overlapped with sites of DNA replication, while newly deposited H3.3-SNAP
100 histones were uncoupled from DNA replication (Supplementary Fig. 1c). These results
101 indicate that the 7g:H3./-SNAP and Tg:H3.3-SNAP lines are faithful reporters of H3.1 and
102 H3.3 turnover in mouse primary cells.

103 To examine the distribution of parental H3.1 histones in satellite cells, adult Tibialis
104 anterior (TA) muscles were injured to induce satellite cell activation and muscle regeneration.
105 Parental H3.1 histones were SNAP-labeled prior to satellite cell isolation (labeling efficiency
106 =~ 80%, Fig. 1a and Supplementary Fig. 1d). Satellite cells were isolated from compound
107 transgenic Tg:Pax7-nGFP** and Tg:H3.1-SNAP mice by fluorescence-activated cell sorting
108 (FACS) where GFP intensity can be used to fractionate subpopulations with distinct
109 properties, such as Pax7-nGFP™ cells previously reported to divide asymmetrically 5 days
110 post-injury (dpi)*®. In vivo activated/SNAP-labeled Pax7-nGFP" cells were isolated by FACS
111 and the ongoing cell division was monitored on micropatterns (Fig. la). Micropatterns
112 provide a controlled microenvironment that allows confinement of single cells and their
113 progeny”. We and others have shown that their geometry impacts on the frequency of ACD
114 of stem cells®?. If the parental histones are partitioned equally following mitosis, the
115 fluorescent SNAP signal will be inherited equally between daughter cells. However, if the
116 parental histones are inherited asymmetrically, the fluorescent SNAP signal will be detected
117 only in a subset of daughter cells (Fig. 1b).

118 Modes of cell division were scored based on absolute presence or absence of cell fate
119 markers. Their expression level and SNAP signal intensity were further measured
120 quantitatively. We observed self-renewing and differentiating (Fig. 1c¢ left and middle) SCDs,
121 in addition to ACDs (Fig. lc right), as reported®®”. Interestingly, we observed clones
122 containing 4 cells with two self-renewed cells (Pax7") and two differentiated cells (Myog®),
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123 indicating a switch from self-renewing SCD to ACD (Supplementary Fig. le). Among all
124 observed clones, the SNAP signal intensity was equivalent between daughter cells,
125 irrespective of their mode of cell division (Fig. 1c). The maximal SNAP intensity difference
126 between daughter cells was less than 8% (Fig. 1c left), while transcription factors displayed
127 differences in expression up to 80% between daughter cells in case of ACD (Fig. 1c right).
128 These results indicate that parental H3.1 histones were essentially inherited symmetrically
129 during both SCD and ACD of satellite cells.

130 H3-Thr3 phosphorylation (H3T3") was reported to distinguish pre-existing and newly-
131 deposited H3 in prophase, and to be required for asymmetric inheritance of old vs. new
132 histones in D. melanogaster GSCs*. To further address the issue of histone inheritance, we
133 investigated the distribution of H3T3" in in vivo activated/SNAP-labeled Pax7-nGFP" cells
134 on micropatterns. We readily detected H3T3" signals in mitotic cells, colocalizing with SNAP
135 signals yet not restricted to a subset of chromatids in early mitosis (Fig. 1d). These
136 observations indicate that H3T3" did not point to a differential distribution of old vs. new
137 histones in early mitosis of satellite cells.

138 Within adult muscles, satellite cells reside in a specific niche and a complex balance
139 between extrinsic and intrinsic cues is required for proper satellite cell proliferation and cell
140 fate determination®. As with other stem cell niches™, the composition of the satellite cell
141 microenvironment is dynamic during muscle regeneration’’, raising the possibility that some
142 niche factors that cannot be modelled ex vivo might drive ACDs. Although ACDs have been
143 reported extensively ex vivo, to the best of our knowledge, only one study has demonstrated
144 asymmetry involving transcription factors in a vertebrate model system in vivo™.

145 Therefore, we established a clonal tracing strategy to examine two-cell clones in
146 regenerating muscles in vivo (Fig. 2a and Fig. 2b), together with SNAP-labeling of parental
147 H3.1 histones (in vivo labeling efficiency = 60%, Supplementary Fig. 2b). As previously,
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148 modes of cell division were scored based on absolute presence or absence of cell fate markers.
149 Their expression level and SNAP signal intensity were further measured quantitatively. We
150 observed self-renewing (66.7%, n=98 of 147 cell pairs, Fig. 2c and Fig. 2d left) and
151 differentiating (6.8%, n=10 of 147 cell pairs, Fig. 2c and Fig. 2d middle-left) SCDs, in
152 addition to ACDs (23.1%, n=34 of 147 cell pairs, Fig. 2c and Fig. 2d middle-right and right).
153 Notably, the relative frequencies of the different modes of cell division observed in vivo
154 correspond to those on micropatterns ex vivo™. Among all clones analysed, we observed an
155 equivalent SNAP signal between daughter cells (Fig. 2d). Interestingly, a difference in SNAP
156 signal intensity (up to 40%) between daughter cells was noted for a limited number (= 5%) of
157 divisions (Fig. 2d left and right, Fig. 2g right). However, the differences in SNAP intensity
158 were lower than the observed differences in expression of cell fate markers, resulting from
159 fluctuations in expression in case of SCD (Fig. 2d left) or asymmetric fate decisions (Fig. 2d
160 right). Further, we did not detect examples showing exclusive distribution of parental histones
161 to one daughter. These results point to a symmetric inheritance of parental H3.1 histones,
162 irrespective of the mode of cell division in vivo.

163 Notably, differences in SNAP signals between daughter cells were not observed ex
164 vivo on micropatterns (Fig. 1c), suggesting variable H3.1 turnover rates between daughter
165 cells in vivo and ex vivo. These observations highlight the importance of addressing epigenetic
166 identity and plasticity in vivo. Finally, the SNAP signal was readily detected after histological
167 preparation (strong fixation and heat-induced epitope retrieval), while the mGFP fluorescence
168 was lost and required immunodetection, confirming the superiority of synthetic SNAP
169 fluorophores over classical fluorescent proteins.

170 The asymmetric segregation of stem (Pax7) and differentiation (Myogenin)
171 transcription factors was previously reported to correlate in part with non-random DNA
172 segregation (NRDS) ex vivo, where old DNA strands are inherited by the stem cell and new


http://dx.doi.org/10.1101/499913
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint first posted online Dec. 18, 2018; doi: http://dx.doi.org/10.1101/499913. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license.

173 DNA strands by the committed cell®®*’. NRDS has been hypothesized to be a consequence of
174 epigenetic mechanisms, possibly involving distribution of old and new histones or
175 nucleosome pools®; however NRDS has not been shown robustly in vivo largely due to
176 technical challenges. To examine parental H3.1 histone distribution and NRDS in vivo, we
177 adopted the same strategy as above, together with a 5-ethynyl-2'-deoxyuridine (EdU) pulse-
178 chase labeling (Fig. 2a and Fig. 2e) to identify both old DNA strands (EdU pulse) and new
179 DNA strands (EdU chase).

180 We observed clonal examples of random DNA segregation (23.1%, n=12 of 52 cell
181 pairs, Fig. 2f and Fig. 2g left) and non-random DNA segregation (76.9%, n=40 of 52 cell
182 pairs, Fig. 2f and Fig. 2g middle and right). Interestingly, 22.5% of the cell pairs with NRDS
183 showed asymmetric Myogenin expression (n=9 of 40 NRDS cell pairs, Fig. 2f and Fig. 2¢g
184 right), with Myogenin being expressed in the EdU-negative daughter cell, as reported
185 previously ex vivo where parental DNA strands are labeled and inherited by the Pax7-
186 expressing cell®”. Among all the clones analysed, the SNAP signal was equivalent between
187 daughter cells (Fig. 2g), indicating a symmetric parental H3.1 inheritance, independent of the
188 mode of DNA segregation.

189

190 Discussion

191 Here we demonstrate that SNAP tags are powerful tools to investigate histone
192 dynamics in mice in vivo. Our results indicate that parental H3.1 histones are equally inherited
193 in the vast majority of dividing mouse satellite cells, ex vivo as in vivo, during asymmetric
194 cell fate decisions with defined stem cell and differentiated cell transcription factors, as well
195 as non-random segregation of DNA. Asymmetric histone H3 inheritance has uniquely been
196 reported in D. melanogaster GSCs to date and was correlated with the execution of different
197 cell fate programs following cell division®**. A two-step mechanism was proposed where old
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198 and new histones are incorporated into different sister chromatids during S phase, followed by
199 differential recognition and segregation of old and new sister chromatids by the mitotic
200 apparatus’”*. This requires both an asymmetric distribution of histones at the replication fork,
201 and strictly unidirectional DNA replication throughout the genome. Recently, two reports
202 highlighted that while histone partitioning in the wake of the replication fork is inherently
203 asymmetric between leading and lagging DNA strands, components of the replication
204 machinery compensate to ensure an equal distribution of parental histones between sister
205 chromatids™*. Asymmetric histone distribution in Drosophila GSCs might then result from
206 retention of parental histones on the leading strand and preferential unidirectional DNA
207 replication*'. While our results address global inheritance of parental histones and cannot
208 exclude local limited asymmetry, notably at the replication fork, the discrepancy observed
209 between D. melanogaster GSCs and our analysis of mouse satellite cells might indicate that
210 the molecular mechanisms of asymmetric histone inheritance are not generally conserved
211 through evolution, or alternatively between germline and somatic stem cells.

212 Our results show unambiguously for the first time NRDS in vivo and indicate that this
213 process is not driven by a global asymmetric inheritance of old and new pools of H3.1.
214 Nevertheless, according to the silent sister hypothesis®, epigenetic differences might exist
215 between sister chromatids due to their relative difference in age. Asymmetric recognition of
216 centromeres would then be the basis for NRDS, which would in turn lead to asymmetric gene
217 expression and cell fate decisions. In this context, it is interesting to note that CENP-A, the
218 centromeric H3 variant, was shown to be inherited asymmetrically during stem cell divisions
219 in the fly midguts*, a possibility to explore in the future.

220 Finally, while our study investigated inheritance of bulk histones, the tools and
221 methodologies reported here, combined with the recent advent of time-ChIP'"**, will allow
222 genome-wide tracking of histone variant turnover rates. This can be done in a wide variety of

10
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223 mouse primary cell types in their in vivo environment thereby facilitating investigations of
224 how epigenetic identity is maintained in stem cells, and remodeled in their differentiating
225 progeny.

226

227 Methods

228 Mouse strains

229 Tg:Pax7-nGFP *, Pax7“**"> % and R26"™° ** were described previously. Breeding
230 was performed on an F1:C57BL6/DBA2 background. 6-8 weeks-old male littermates were
231 used in this study, heterozygous for each allele used. Animals were handled according to
232 national and European community guidelines, and protocols were approved by the ethics
233 committee at Institut Pasteur.

234

235 Cell lines and culture conditions

236 Primary fibroblasts were derived at E13.5 and cultured in DMEM GlutaMAX
237 (ThermoFisher) 10% Fetal Bovine Serum (FBS) 1% Penicillin-Streptomycin (PS,
238 ThermoFischer) at 37°C 5% CO, 3% O,.

239 Satellite cells were plated on glass coverslips coated with Matrigel (Corning) for 30 min
240 at 37°C or on micropatterns in satellite cell medium (40% DMEM 40% MCDB (Sigma) 20%
241 FBS 2% Ultroser (Pall) 1% PS).

242

243 Establishment of H3.1/H3.3-SNAP mouse strains

244 Mouse H3.1 (resp. H3.3) coding sequence was PCR amplified (Phusion Taq polymerase,
245 New England Biolabs) from mouse primary fibroblasts cDNA (SuperScript III Reverse
246 Transcriptase, ThermoFisher) with Notl_mH3.1_F (resp. Notl_mH3.3_F) and
247 DPPVAT_mH3.1_R (resp. DPPVAT _mH3.3_R) primers, PCR-fused to a SNAP tag
248 amplified from pSNAPm (New England Biolabs) with DPPVAT_SNAP_F and
249 BamHI_SNAP_R primers, and cloned in pGEM-T easy (Promega) with T4 DNA ligase (New
250 England Biolabs). A DPPVAT linker was included between histone coding sequences and the
251 SNAP tag as in '®"7. H3.1-SNAP (resp. H3.3-SNAP) EcoRI/BamHI (New England Biolabs)
252 fragment was subcloned in a pCAG SV40 Puro plasmid between the EcoRI and BamHI sites

253 downstream the CAG promoter and upstream an SV40 early polyA termination sequence.

11
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254 CAGG H3.1/H3.3-SNAP polyA Spel/Kpnl (New England Biolabs) DNA fragments were
255 microinjected in fertilized oocytes to derive transgenic lines.

256 Genotyping was performed by PCR from ear punch biopsies with CAG_For and
257 DPPVAT_mH3.1_R or DPPVAT_mH3.R_R primers. H3./-SNAP transgene insertion was
258 mapped to chromosome 7 by inverse PCR (gDNA digestion with Sacl (New England
259 Biolabs), intramolecular ligation with T4 DNA ligase, PCR amplification with SV40
260 PolyA_F and SNAP qPCR_R primers). H3.3-SNAP transgene insertion was mapped to
261 chromosome 10 by inverse PCR (gDNA digestion with BamHI, intramolecular ligation with
262 T4 DNA ligase, PCR amplification with SNAP qPCR_F and CAG_R3 primers). Primers used
263 are listed in Supplementary Table 1.

264

265 RT-qPCR

266 Organs were homogenized in TRIzol (ThermoFisher) and RNA extracted following
267 manufacturer’s instructions. gDNA was eliminated with Ambion DNAsel (ThermoFisher)
268 and reverse transcription performed with SuperScript III Reverse Transcriptase
269 (ThermoFisher). RNA was eliminated with RNAseH endonuclease (Roche) for 20 min at
270 37°C. mRNAs level was assessed with SYBR green master mix (Roche) and analysis was
271 performed using the 2*“ method *'. RT-gPCR analyses have been normalized with Thp.
272 Specific forward and reverse primers used for RT-qPCR are listed in Supplementary Table 1.
273

274 Western blot

275 Histones were extracted following ** and protein concentration measured with the Pierce
276 BCA Protein Assay Kit (ThermoFisher). 1 ug of histones was run on 4-12% Bis-Tris Gel
277 NuPAGE (ThermoFisher) in NuPAGE MES SDS Running Buffer (ThermoFisher) and
278 transferred on a nitrocellulose membrane (Hybond ECL, Sigma) in 1X Tris-Glycine-SDS
279 buffer (Euromedex) with 20% ethanol. Equivalent loading was evaluated from Ponceau
280 staining of the membrane. The membrane was then blocked with 5% non-fat milk in Tris
281 Buffer Saline (TBS) Tween 0.05% (TBS-T) for 20 min at RT and probed with specific
282 primary antibodies overnight at 4°C in TBS-T 5% milk. After three washes in TBS-T, the
283 membrane was incubated with HRP-conjugated secondary antibodies in TBS-T for 30 min at
284 RT, washed three times in TBS-T, and revealed by chemiluminescence (Pierce ECL Plus
285 Western Blotting Substrate, ThermoFisher) with autoradiography films (Hyperfilm ECL, GE
286 Healthcare).

287
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288 SNAP labeling

289 In vitro SNAP quenching (Supplementary Fig. 1c) was performed with 10 uM SNAP
290 Cell Block (New England Biolabs) for 30 min at 37°C, followed by three washes with culture
291 medium. /n vitro SNAP labeling was performed with 3 yM SNAP Cell TMR Star (New
292 England Biolabs) in culture medium for 20 min at 37°C, followed by three washes with
293 culture medium, and washed in culture medium for 30 min at 37°C. Sites of DNA replication
294 were labeled with 1 M EdU (ThermoFisher) for 10 min at 37°C. Soluble histones were
295 extracted with CSK buffer prior to fixation as in '°. EdU incorporation was detected with the
296 Click-1T Plus Alexa Fluor 488 Imaging Kit (ThermoFisher) as recommended.

297 Ex vivo SNAP labeling (Fig. 1a) was performed by incubating dissected and minced TA
298 muscles in 1 ml satellite cell medium containing 3 yM SNAP Cell SiR 647 (New England
299 Biolabs, S9102S) for 30 min at 37°C with gentle agitation. Muscles were centrifuged at 500g
300 for 5 min, supernatant was discarded and muscles resuspended in 1 ml DMEM. Muscles were
301 centrifuged at 500g for 5 min, supernatant was discarded and muscles resuspended in
302 collagenase D/tryspin mix for satellite cell isolation (see below).

303 In vivo SNAP labeling was performed by injecting 10 ul of 30 uM SNAP Cell SiR 647
304 (New England Biolabs) in NaCl 0.9% per TA at 4 dpi under isofluorane anesthesia, 8 h before
305 tamoxifen administration (Fig. 2a). In vivo H3.1-SNAP labeling at 4 dpi enables specific
306 labeling of = 60% of satellite cells as early as 2 h post SNAP substrate injection
307 (Supplementary Fig. 2b).

308

309 Muscle injury, tamoxifen and EdU delivery

310 Muscle injury was done as described previously **. Briefly, mice were anesthetized with
311 0.5% Imalgene/2% Rompun. The Tibialis anterior (TA) muscle was injected with 15 ul of 10
312 uM notexin (Latoxan) in NaCl 0.9%.

313 Tamoxifen (Sigma) was reconstituted at 25 mg/ml in corn oil/ethanol (5%) and stored at
314 -20°C. Before use, tamoxifen was diluted at appropriate concentration (1 mg/ml or 0.25
315 mg/ml) with corn oil, and administered (8 yl per g of mouse) by intragastric injection at 4
316 days post-injury and 14 h prior to sacrifice to allow for a maximum of two consecutive cell
317 divisions in vivo (in vivo satellite cells doubling time about 8 h **). We optimized conditions
318 for clonal tracing leading to two-cell clones shortly after (14 h) tamoxifen administration.
319 Clones were defined when mGFP-labeled cells were in close proximity (< 150 pym apart,
320 Supplementary Fig. 2a and Supplementary Fig. 2c) and isolated from any other mGFP-
321 labeled cell. In addition, the definition of criteria for clonality was based on an extremely low
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322 dose of tamoxifen (2 pg/g of mouse, recombination frequency < 0.5%). We then used a
323 tamoxifen dose (8 yg/g of mouse) inducing a recombination frequency about 10% to increase
324 the representation of the myogenic population. For each mouse, one TA muscle was used for
325 immunohistochemistry analysis, and the contralateral TA was used for determining the
326 recombination efficiency following dissociation and immunostaining.

327 EdU (ThermoFisher) was dissolved in NaCl 0.9% and injected intraperitoneally (0.3
328 ugl/g of mouse) 9 and 7 h before tamoxifen administration.

329

330 Satellite cells isolation and live-imaging

331 Dissections were done essentially as described previously *°. Injured TA muscles were
332 removed from the bone in cold DMEM, minced with scissors, and then digested with a
333 mixture of 0.08% Collagenase D (Sigma), 0.1% Trypsin (ThermoFisher), 10 pg/ml DNase I
334 (Sigma) in DMEM for five consecutive cycles of 30 min at 37°C. For each round, the
335 supernatant was filtered through a 70 pm cell strainer (Miltenyi) and collagenase and trypsin
336 were blocked with 8% FBS on ice. Pooled supernatants from each digestion cycle were
337 centrifuged at 500g for 15 min at 4°C. The pellet was resuspended in 2 ml cold PBS
338 (ThermoFisher) and placed on top of cold Percoll layers (Sigma)(5 ml of 20% Percoll and 3
339 ml of 60% Percoll). After centrifugation at 500g for 15 min at 4°C, cells were collected from
340 the 20%-60% interphase, while dense debris were concentrated below the 60% layer. The
341 collected fraction was diluted in 40 ml DMEM 8% FBS and centrifuged at 500g for 15 min at
342 4°C. The pellet was resuspended in 500 ul satellite cell medium and filtered through a 40 ym
343 cell strainer (Falcon). Cells were plated on glass coverslips coated with Matrigel or sorted
344 (Supplementary Fig. 3) using a FACS Aria III (BD Biosciences) and collected in cold 250 ul
345 of satellite cell medium. Sorted cells were plated on micropatterns (see below) and incubated
346 at 37°C, 5% CO,, and 3% O, in a Zeiss Observer.Z1 microscope connected to an LCI PInN
347 10x/0.8 W DICII objective and Hamamatsu Orca Flash 4 camera piloted with Zen (Zeiss).
348 Cells were filmed and images were taken every 9 min with bright-field filter to ensure that
349 single cells were plated on the micropatterns and that their progeny remained confined. The
350 raw data were analysed with TrackMate *°, transformed and presented as videos.

351

352 Micropatterns

353 Micropatterns were manufactured essentially as described **'. Briefly, glass coverslips
354 24 x 60 mm #1, Thermo Scientific Menzel) were cleaned serially in
355 H,0/acetone/isopropanol, activated with an oxygen plasma treatment (Harrick Plasma) for 5
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356 min at 30W and incubated with poly-L-lysine polyethylene glycol (PLL(20)-g[3.5]-PEG(2),
357 SuSoS) at 100 yg/ml in 10 mM HEPES pH 7.4 at room temperature (RT) for 30 min, washed
358 twice with H,0 and stored dried at 4°C. PLL-PEG-coated slides were placed in contact with
359 an optical mask containing transparent micropatterns (Toppan Photomask) using H,O (0.6
360 ul/cm?) to ensure tight contact between the mask and the coverslip and then exposed to deep
361 UV light (Jelight). Micropatterned slides were subsequently incubated with 40 pg/ml
362 fibronectin (Sigma) and 5 pg/ml fibrinogen Alexa Fluor 488 (ThermoFisher) in 100 mM
363 NaHCO, pH 8.3 for 25 min at RT and rinsed three times in NaHCO;, three times in H,0 and
364 dried and transferred immediately on a 12 kPa polyacrylamide (PAA) gel on silanized glass
365 coverslips, to match the substrate rigidity of skeletal muscles *>. 81 mm’-square glass
366 coverslips were cut out larger coverslips (22 x 22 mm #1, Thermo Scientific Menzel), cleaned
367 serially with H,O/EtOH 70%/EtOH 100%, deep-UV-activated, silanized with 7.1% (vol/vol)
368 bind-silane (Sigma) and 7.1% (vol/vol) acetic acid in EtOH 99% for 10 min at RT, washed
369 twice with EtOH 99% and dried. Transfer of micropatterns on PAA gel was performed with 7
370 ul/cm® of a solution containing 7.5% acrylamide (Sigma), 0.16% bis-acrylamide (Sigma),
371 0.05% TEMED (Sigma), 0.05% APS (Sigma, A3678) in HEPES 10 mM pH 7.4 for 45 min at
372 RT. Gels were rehydrated in NaHCO; 100 mM pH 8.3 for 15 min at RT, detached from
373 patterned coverslips and washed with PBS three times before cell seeding.

374 Micropatterned PAA gels were transferred in an in-house-made glass-bottom 6 well Petri
375 dish to allow live-imaging and PAA embedding before immunostaining (see below). Briefly,
376 32 mm diameter glass coverslips were cleaned and silanized, a 14 x 14 x 0.45 mm piece of
377 silicone (Smooth-on) was put at the center, and coverslips were layered with a 12 kPa PAA
378 gel (‘surrounding’” PAA). After PAA polymerization, the coverslips were sealed (silicone) to
379 the bottom of a 6 well plate (TPP) drilled out to 30 mm diameter. The silicone at the center of
380 the PAA gel was removed and replaced with a 16 x 16 x 3 mm silicone isolator with a 10 x 10
381 x 3 mm window at the center to fit micropatterned PAA gels (9 x 9 mm) after filling with
382 PBS. The apparatus was washed several times and equilibrated with satellite cell medium.
383 Medium was removed completely and cells (250 pl) seeded within the silicone isolator on
384 micropatterns and, 90 min after plating, nonattached cells were washed with medium and
385 medium volume was adjusted to 5 ml.

386

387 Immunocytochemistry and Immunohistochemistry

388 Cells on micropatterns were fixed in 4% paraformaldehyde (PFA, Electron Microscopy
389 Sciences) in PBS containing 0.9 mM CaCl, and 0.5 mM MgCl, (PBS Ca** Mg*") for 5 min at
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390 RT and washed in PBS Ca* Mg for 5 min at RT. To prevent cell loss during subsequent
391 immunostaining steps, cells were embedded in PAA. Cells were equilibrated in a solution
392 containing 3.82% acrylamide, 0.13% bis-acrylamide and 0.1% TEMED in PBS for 30 min at
393 RT, and the solution was replaced with 3.82% acrylamide, 0.13% bis-acrylamide, 0.1%
394 TEMED and 0.05% APS in PBS. The silicone isolator was carefully detached and a parafilm-
395 covered 20 x 20 mm glass coverslip (20 x 20 mm #1, Thermo Scientific Menzel) was adjusted
396 on top of the micropatterns, sitting on the ‘surrounding” PAA. Excess polymerization solution
397 was removed and PAA allowed to polymerize for 1 h at RT. After rehydration in PBS for 15
398 min, the parafilm-covered coverslip was detached, PAA-embedded micropatterns were
399 recovered and washed several times in PBS. Cells were permeabilized in 0.5% Triton X-100
400 (Sigma) for 20 min at RT, washed three times 10 min in PBS, blocked in 10% goat serum
401 (GS, Gibco) for 4 h at RT, incubated with primary antibodies overnight at 4°C in 2% GS,
402 washed four times 1 h in PBS at 4°C, incubated with Alexa Fluor-conjugated secondary
403 antibodies and Hoechst when required overnight at 4°C in 2% GS and washed four times 1 h
404 in PBS at 4°C. For Pax7/Myod/Myog triple staining, cells were further blocked with Pax7
405 primary antibody overnight at 4°C in 2% GS, washed four times 1 h in PBS at 4°C, incubated
406 with Alexa Fluor 488-conjugated anti-Myogenin and DyLight 405-conjugated anti-Myod
407 antibodies (see below) in 2% GS overnight at 4°C and washed four times 1 h in PBS at 4°C.
408 Cells on glass coverslips were fixed in 4% PFA for 5 min at RT, washed twice in PBS,
409 permeabilized in 0.5% Triton X-100 for 5 min, blocked in 10% GS for 30 min at RT,
410 incubated with primary antibodies in 2% GS for 2 h at RT, washed in PBS three times 5 min,
411 incubated with Alexa Fluor-conjugated secondary antibodies and Hoechst for 45 min at RT,
412 washed in PBS three times 5 min and mounted in PBS Glycerol 75%.

413 For immunohistochemistry, TA muscles were fixed for 24 h in 4% PFA at 4°C, washed
414 in cold PBS four times 1 h at 4°C, equilibrated in 20 % sucrose (Sigma) overnight at 4°C,
415 embedded in Tissue Freezing Medium (Leica) and snap-frozen on liquid nitrogen. 12 ym
416 cryosections were allowed to dry at RT for 30 min and rehydrated in PBS for 15 min. Antigen
417 retrieval was performed in Tris 10 mM EDTA 1 mM pH 9 for 10 min at 95°C, followed by
418 three short PBS washes and an additional wash in PBS for 30 min at RT. Sections were
419 permeabilized in 0.5% Triton X-100 for 20 min at RT, washed three times in PBS, blocked in
420 M.O .M. Mouse Ig Blocking Reagent (Vector Laboratories) for 1 h at RT, washed three times
421 in PBS, incubated in M.O.M. Diluent (Vector Laboratories) for 5 min at RT, incubated with
422 primary antibodies (Pax7 (Fig. 2d) or SFD (Fig. 2g), GFP, in M.O.M. Diluent) for 1 h at RT,
423 washed three times 5 min in PBS, incubated with M.O.M. Biotinylated Anti-Mouse 1gG
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424 Reagent (Vector Laboratories) for 10 min at RT, washed three times 5 min in PBS, incubated
425 with secondary antibodies (Streptavidin-Alexa Fluor 405, Donkey anti-Chick Alexa Fluor
426 594, in M.O.M. Diluent) for 30 min at RT, washed three times 5 min in PBS. For
427 Pax7/Myod/Myog triple staining, sections were further blocked with anti-Pax7 antibody (in
428 M.O.M. Diluent) for 1 h at RT, washed three times 5 min in PBS, incubated with Alexa Fluor
429 488-conjugated anti-Myogenin and DyLight 550-conjugated anti-Myod antibodies (see
430 below, in M.O.M. Diluent) overnight at 4°C, washed in PBS three times 5 min and mounted
431 in PBS Glycerol 75%. EdU incorporation was detected with the Click-iT Plus Alexa Fluor
432 488 Imaging Kit (ThermoFisher) as recommended.

433 Immunostainings were analysed with a Zeiss Observer.Z1 and a Zeiss LSM800 confocal
434 microscopes. Images were processed with Imaris 7.2.1 software. For each cell pair, the
435 daughter cells were named ‘Cell A’ and ‘Cell B’. Fluorescence intensity was measured on
436 segmented nuclei and expressed as a fraction of the maximum intensity between Cell A and
437 Cell B. In case of absence of signal in both daughter cells (eg. symmetric absence of Pax7),
438 the normalized fluorescence intensity was not determined (nd value).

439

440 Antibody fluorescent labeling

441 Anti-myogenin antibody (SFD, DSHB) was purified with protein G sepharose (Sigma)
442 as recommended. Briefly, hybridoma supernatant was incubated with protein G sepharose
443 overnight at 4°C and packed into polypropylene columns (Qiagen), washed five times with
444 PBS and antibody was eluted twice with 1.5 ml glycine 100 mM pH 2.7, neutralized with 150
445 ul Tris IM pH 9. Elution fractions were pooled and dialyzed (ThermoFisher) against PBS
446 overnight at 4°C. Antibody was concentrated with Amicon Ultra centrifugal filters (Merck) to
447 1 mg/ml. 100 ul of purified F5D antibody at 1 mg/ml (resp. anti-Myod at 0.75 mg/ml (BD
448 Bioscience)) were dialysed (Thermofisher) against NaHCO; 100 mM pH 8.3 (resp. Na,B,0O,
449 50 mM pH 8.5) overnight at 4°C, incubated with 120 yuM Alexa Fluor 488 NHS ester
450 (ThermoFisher)(resp. 60 uM DyLight 405 NHS ester (ThermoFisher) or 70 uM DyLight 550
451 NHS ester (ThermoFisher)) at 23°C for 1 h. NaCl concentration was adjusted to 150 mM and
452 excess fluorescent dye was removed with Pierce Dye Removal Columns (ThermoFisher)
453 following manufacturer’s recommendations. Desalted labeled antibodies were further
454 dialysed (ThermoFisher, Cat#69570) against PBS overnight at 4°C and stored at -20°C with 1
455 mg/ml bovine serum albumin (Sigma) and 50% glycerol.

456

457
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458 Data availability

459 All data supporting the findings of this study are available from the corresponding author on
460 reasonable request.
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609 Fig. 1 Parental H3.1 histones are symmetrically distributed during asymmetric cell fate
610 decisions ex vivo. a, Experimental scheme. b, Potential parental histone distribution patterns.
611 ¢, Representative examples of parental H3.1 inheritance pattern during SCD, towards self-
612 renewal (left) or differentiation (middle), or ACD (right). Arrowheads indicate nuclei of
613 daughter cells. For each cell pair, the daughter cells were named ‘Cell A’ and ‘Cell B’.
614 Fluorescence intensity was measured on segmented nuclei and expressed as a fraction of the
615 maximum intensity between Cell A and Cell B. In case of absence of signal in both daughter
616 cells (eg. symmetric absence of Pax7), the normalized fluorescence intensity was not
617 determined (nd value). n=4 mice, n=100 cell divisions/mouse. d, H3T3" signal colocalizes
618 with H3.1-SNAP signal. n=3 mice. n=10 cell divisions/mouse. Scale bar 10 pm.
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621

622 Fig. 2 Parental H3.1 histones are symmetrically distributed during asymmetric cell fate
623 decisions and non-random DNA segregation in vivo. a, Experimental scheme. Lineage-
624 tracing was tamoxifen-induced 14 h before analysis; parental histones were labeled 8 h before
625 tamoxifen administration; old DNA strands were labeled with EdU (Fig. 2e, 2f and 2g) 9 and
626 7 h before tamoxifen administration. b, Potential parental histone distribution patterns during
627 asymmetric cell fate decisions. ¢, Frequencies of the different modes of cell division. Rare
628 examples of Pax7/X and Myog/X daughter cells were observed, where one daughter cell
629 expresses Pax7 or Myog and the other neither Pax7 nor Myog. n=3 mice, n=147 divisions.
630 Data are presented as mean + SEM. d, Representative examples of parental H3.1 inheritance
631 pattern during SCD, towards self-renewal (left) or differentiation (middle-left), or ACD
632 (middle-right and right). The mGFP signal from labeled daughter cells is shown only in the
633 merged image for clarity; nuclei of daughter cells are outlined. Insets show nuclei of daughter
634 cells isolated from other cells. For each cell pair, the daughter cells were named ‘Cell A’ and
635 ‘Cell B’. Fluorescence intensity was measured on segmented nuclei and expressed as a
636 fraction of the maximum intensity between Cell A and Cell B. In case of absence of signal in
637 both daughter cells (eg. symmetric absence of Pax7), the normalized fluorescence intensity
638 was not determined (nd value). See Supplementary Fig. 2a for corresponding low
639 magnification images showing the clonality of the analysed events. Scale bar 10 ym. e,
640 Potential parental histone distribution patterns during non-random DNA segregation. f,
641 Frequencies of the different modes of DNA segregation (random EdU*/EdU" and non-random
642 EdU*/EdU") and fate decisions assessed by Myogenin expression. n=2 mice, n=52 divisions.
643 Data are presented as mean + SEM. g, Representative examples of parental H3.1 inheritance
644 pattern during random DNA segregation (left) or non-random DNA segregation (middle and
645 right), with symmetric absence of Myogenin expression (left and middle) or asymmetric
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646 Myogenin expression (right). The mGFP signal from labeled daughter cells is shown only in
647 the merged image for clarity; nuclei of daughter cells are outlined. Insets show nuclei of
648 daughter cells isolated from other cells. For each cell pair, the daughter cells were named
649 ‘Cell A’ and ‘Cell B’. Fluorescence intensity was measured on segmented nuclei and
650 expressed as a fraction of the maximum intensity between Cell A and Cell B. In case of
651 absence of signal in both daughter cells (eg. symmetric absence of Myog), the normalized
652 fluorescence intensity was not determined (nd value). See Supplementary Fig. 2c¢ for
653 corresponding low magnification images showing the clonality of the analysed events. Scale
654 bar 10 ym.

655

656 Statistical information

657 Bar charts represent the mean + standard error of the mean (SEM) or standard deviation of the
658 mean (SD) as specified.

659

660 Supplementary information

661

662 Supplementary figures

664

665
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Supplementary Fig. 1
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668 Supplementary Fig. 1 Tg:H3.1-SNAP and Tg:H3.3-SNAP reporter lines validation and
669 ex vivo SNAP labeling of satellite cells. a, Transgene expression level (RT-qPCR) from
670 heart, brain, skeletal muscle, skin and testis; n=2 mice per genotype. Data are presented as
671 mean + SD. b, Transgene expression level (Western blot) from primary embryonic fibroblasts
672 derived from WT, Tg:H3.I-SNAP and Tg:H3.3-SNAP mice, detected with anti-H3.1 (left) or
673 anti-H3.3 (right) antibodies. Each panel shows the endogenous (bottom) and SNAP-tagged
674 (top) histone variant. Triangles indicate different amounts of material loaded, centered on 1
675 ug.c, SNAP TMR labeling of total (Pulse) or newly deposited (Quench Chase Pulse) SNAP-
676 tagged histone variants and DNA replication sites (EdU) in Tg:H3.I-SNAP and Tg:H3.3-
677 SNAP primary fibroblasts as in'®. d, Efficiency of ex vivo SNAP labeling of satellite cells.
678 80% of Tg:H3.1-SNAP satellite cells were labeled compared to WT control cells; n=2 mice
679 per genotype. e, Example of a four-cell clone with two Pax7+ cells and two Myog+ cells on a
680 micropattern. Myog+ differentiated cells have left the cell cycle, therefore the 4-cell clone can
681 result from an ACD where the Pax7+ daughter undergoes a SCD, then ACD; another
682 possibility is an initial SCD, then each daughter undergoes an ACD. No cell death was
683 observed. Scale bar 10 ym.

685

686
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Supplementary Fig. 2
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689 Supplementary Fig. 2 In vivo SNAP labeling of satellite cells and clonality of the
690 analysed in vivo cell divisions. a, Low magnification images (600 ym x 900 pm)
691 corresponding to high magnification images of Fig. 2d. Green arrows indicate mGFP-labeled
692 daughter cells; red arrows indicate presumably unrelated mGFP-labeled cells. Scale bar 50
693 um. b, Efficiency of in vivo SNAP labeling of satellite cells at 4 dpi. 60% of Tg:H3.1-SNAP
694 satellite cells were labeled compared to WT control cells; n=2 mice per genotype. ¢, Low
695 magnification images (600 ym x 900 ym) corresponding to high magnification images of Fig.
696 2g. Green arrows indicate mGFP-labeled daughter cells; red arrows indicate presumably
697 unrelated mGFP-labeled cells. Scale bar 50 ym.
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Supplementary Fig. 3
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Supplementary Fig. 3 Isolation of satellite cells by FACS.
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Satellite cells were isolated by FACS by gating first on size and granulosity (‘Cells’ gate),

excluding doublets (‘No doublets FSC’ then ‘No doublets SSC’ gates) and gating on the

GFP+ population (‘GFP cells’ gate). Pax7-nGFP" cells (top 10% highest nGFP-expressing

cells, ‘GFP Hi’ gate) were sorted.

32


http://dx.doi.org/10.1101/499913
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint first posted online Dec. 18, 2018; doi: http://dx.doi.org/10.1101/499913. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

It is made available under a CC-BY-NC-ND 4.0 International license.

704 Supplementary Table 1. Oligonucleotides used in this study
Oligonucleotide Sequence
Notl_mH3.1_F atgcgagcggccgcCGCCACCatggctcgtactaagcagaccgct
Notl_mH3.3_F atgcgagecggccgcCGCCACCatggctcgtacaaagcagactgcec
DPPVAT_mH3.1_R | GGTGGCGACCGGTGGATCagcccgctcgecgeggatacggeg
DPPVAT_mH3.3_R | GGTGGCGACCGGTGGATCagcacgttctccgcgtatgcggcg
DPPVAT_SNAP_F | GATCCACCGGTCGCCACCatggacaaagactgcgaa
BamHI_SNAP_R Tttggatcctggegegectatacctge
CAG_For GCAACGTGCTGGTTATTGTG
SV40 PolyA_F CAATGTATCTTATCATGTCTGGATCGGG
SNAP qPCR_R TCAGAATGGGCACGGGATTT
SNAP qPCR_F CCAGCAGGAGAGCTTTACCC
CAG_R3 CATATATGGGCTATGAACTAATGACCCC
Tbp_F ATCCCAAGCGATTTGCTG
Tbp_R CCTGTGCACACCATTTTTCC
705
706
707 Supplementary movies
708
709 Supplementary Movie 1.
710 Videomicroscopy of a Pax7-nGFP" cell isolated from TA muscle at 5 dpi and plated on an
711 asymmetric micropattern (not visible), corresponding to Fig. 1c left. The movie was started
712 3 h after plating and continued for 40 h; images were taken every 9 min (bright-field, 10x
713 magnification).
714
715 Supplementary Movie 2.
716 Videomicroscopy of a Pax7-nGFP" cell isolated from TA muscle at 5 dpi and plated on an
717 asymmetric micropattern (not visible), corresponding to Fig. lc middle. The movie was
718 started 3 h after plating and continued for 40 h; images were taken every 9 min (bright-field,
719 10x magnification).
720
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721 Supplementary Movie 3.

722 Videomicroscopy of a Pax7-nGFP" cell isolated from TA muscle at 5 dpi and plated on an
723 asymmetric micropattern (not visible), corresponding to Fig. 1c right. The movie was started
724 3 h after plating and continued for 40 h; images were taken every 9 min (bright-field, 10x
725 magnification).
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