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SUMMARY

While protein ADP-ribosylation was reported to regulate differentiation and
dedifferentiation, it has so far not been studied during transdifferentiation.
Here, we found that MyoD-induced transdifferentiation of fibroblasts to myo-
blasts promotes the expression of the ADP-ribosyltransferase ARTD1. Compre-
hensive analysis of the genome architecture by Hi-C and RNA-seq analysis during
transdifferentiation indicated that ARTD1 locally contributed to A/B compart-
mentalization and coregulated a subset ofMyoD target genes thatwere however
not sufficient to alter transdifferentiation. Surprisingly, the expression of ARTD1
was accompanied by the continuous synthesis of nuclear ADP ribosylation that
was neither dependent on the cell cycle nor induced by DNA damage. Conversely
to the H2O2-induced ADP-ribosylation, the MyoD-dependent ADP-ribosylation
was not associated to chromatin but rather localized to the nucleoplasm.
Together, these data describe a MyoD-induced nucleoplasmic ADP-ribosylation
that is observed particularly during transdifferentiation and thus potentially ex-
pands the plethora of cellular processes associated with ADP-ribosylation.

INTRODUCTION

Transdifferentiation is the conversion of a fully differentiated cell type into another type without dediffer-

entiation and reacquisition of progenitor-like features (Mills et al., 2019). Unlike other types of transdiffer-

entiation that rely on the co-operation of multiple transcription or chemical factors (Ieda et al., 2010;

Mollinari et al., 2018), MyoD is sufficient to convert fibroblasts and other cell types to myoblasts (Davis

et al., 1987; Sartorelli and Puri, 2018; Choi et al., 1990; Weintraub et al., 1989). However, MyoD alone fails

to transdifferentiate HeLa (Weintraub et al., 1989), HepG2 (Weintraub et al., 1989), or P19 cells (Skerjanc

et al., 1994), suggesting that the chromatin landscape of the initial cell type affects the accessibility of

the DNA binding sites of MyoD (i.e. E boxes) and thus its ability to induce the myogenic program (Sartorelli

and Puri, 2018). Moreover, trimethylation of histone 3 lysine 27 (H3K27me3) reduced the binding ability of

MyoD to chromatin (Caretti et al., 2004; Sartorelli and Puri, 2018) and depletion of polycomb repressor

complex 2 (PRC2) increased MyoD-dependent cell-type conversion (Patel et al., 2012) highlighting that his-

tone post-translational modifications (PTMs) plays a crucial role in tuning transdifferentiation. This is sup-

ported by the observation that in some epigenetic contexts, the interaction ofMyoDwith the pioneer factor

Pbx overcomes the limitations associated with the accessibility of the E boxes (Berkes et al., 2004; Maves

et al., 2007). Moreover, components of the SWItch/Sucrose Non-Fermentable (SWI/SNF) complex, for

example, Brg1 and ATPase Brahma, are essential for successful fibroblasts to myoblasts conversion (de

la Serna et al., 2001), and human embryonic stem cells are unable to differentiate to muscle cells owing

to the lack of Baf60c (Albini et al., 2013).

ADP-ribosylation (ADPR) is a dynamic PTM, involving the transfer of ADP-ribose units fromNAD+ to specific

amino acids or ADP-ribose itself with concomitant release of nicotinamide (Kraus, 2020). While the transfer

of one ADP-ribose unit is called mono-ADPR or MARylation, the formation of a linear or branched chain is

defined as poly-ADPR or PARylation (PAR) (Gibson and Kraus, 2012). ADPR is a fully reversible PTM, cata-

lyzed by ADP-ribosyltransferases (Hottiger et al., 2010) and removed by ADPR hydrolases with different
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subcellular localizations (Luscher et al., 2018). Among the nuclear enzymes responsible for ADPR catalysis,

ARTD1 (also PARP1) is the best studied, mainly for its function in DNA damage response pathways and can-

cer progression (Azarm and Smith, 2020). ARTD1 activity is regulated by its flexible helical subdomain (HD),

that in the properly folded status covers the NAD+ pocket, while binding to DNA changes the protein

conformation, thus unfolding the HD domain and allowing access of NAD+ (Alemasova and Lavrik,

2019). In addition, activation of ARTD1 can be mediated by RNA (Kim et al., 2019) and regulated by other

PTMs (Piao et al., 2014). Although the function of ARTD1 was intensively studied in the last decade, the

mechanisms regulating its expression are poorly understood. While highly expressed in cancer cells,

ARTD1 protein levels are rather low in noncancer cells as IMR90, skin fibroblasts, and hepatocytes (Chen

et al., 2014). Its expression is regulated during cell cycle progression and cell-cycle arrest in G1 leads to

the repression of ARTD1 by binding of the HDAC-PRC2-SWI/SNF complex to its promoter and deposition

of the repressive H3K27me3 histone mark (Wisnik et al., 2017; Pietrzak et al., 2018).

ADPR has been observed in several models of cell differentiation, either promoting or preventing the pro-

gression of differentiation depending on the context, timing, and NAD+ availability (Abplanalp and Hot-

tiger, 2017; Ryu et al., 2018). For instance, ADPR levels aremodulated during adipogenesis to either repress

or promote gene expression in different phases of the differentiation (Szanto and Bai, 2020) and application

of the ADP-ribose chromatin-affinity purification method confirmed the enrichment of chromatin ADPR at

promoters of PPARg target genes during the later stage of adipogenesis (Bartolomei et al., 2016). Interest-

ingly, the expression ofARTD1 and its activity increased during reprogramming and depletion or inhibition

of ARTD1 strongly decreased the efficiency of reprogramming (Chiou et al., 2013; Weber et al., 2013).

Although ARTD1-dependent ADPR has been reported to play important roles in several differentiation

and reprogramming pathways (Abplanalp and Hottiger, 2017), the existence and the contribution of

ADPR during transdifferentiation was so far not investigated. In this study, we observed that MyoD-depen-

dent transdifferentiation of fibroblasts to myoblasts induced nuclear ARTD1 levels and consequently

increased nuclear ADPR that was catalyzed in a DNA damage-independent manner and was not associated

to chromatin but rather localized to the nucleoplasm.

RESULTS

MyoD transdifferentiates IMR90 fibroblasts to myotubes

While ADPR was studied in several types of differentiation and reprogramming, its presence in transdiffer-

entiation is so far still unknown. Thus, the MyoD-induced system was established, which has the unique

property to allow distinguishing between the transdifferentiation step (i.e. cell type conversion) and the ter-

minal differentiation (Dall’Agnese et al., 2019), allowing us to investigate ADPR specifically during transdif-

ferentiation independently of its function in differentiation. The murine MyoD cDNA controlled by a doxy-

cycline (dox)-inducible promoter was stably integrated into human IMR90 fibroblasts using the PiggyBac

system (Dall’Agnese et al., 2019). IMR90 fibroblasts selected for the integrated MyoD construct (MyoD+ fi-

broblasts) were subsequently treated with dox and the expression of MyoD was controlled by immunoflu-

orescence (IF) microscopy. While MyoD was not detectable in untreated MyoD+ fibroblasts, dox-treatment

strongly induced its expression (Figure S1B). After MyoD-dependent transdifferentiation of human fibro-

blasts to myoblasts, these can be further differentiated to myotubes via serum deprivation (Figure S1A).

The ability of the MyoD+ myoblasts to further differentiate to myotubes was investigated by qPCR analysis

of known myogenic markers such as Myogenin, MyoD, and muscular creatine kinase. Gene expression of

untreated or dox-treated MyoD+ cells after transdifferentiation (GM1) and either 1, 2, 3, or 5 days after in-

duction of differentiation (DM1, DM2, DM3, DM5, respectively; Figures S1A and S1C) revealed that dox

treatment and subsequent serum deprivation increased the expression of all three tested genes (Fig-

ure S1C). Because myotubes are multinucleated and characterized by high levels of myosin heavy chain

(MHC), MHC expression was analyzed by IF at DM5. Differentiated MyoD+ cells were multinucleated

and expressed MHC in a dox-dependent manner (Figure S1D), confirming that the induction of MyoD suc-

cessfully transdifferentiated IMR90 fibroblasts to committed myoblasts. To investigate ADPR exclusively

during MyoD-dependent transdifferentiation, excluding its contribution to muscle differentiation, here-

after we exclusively focused on the first 24 h after dox treatment (GM1, Figure S1A).

MyoD induces ARTD1 expression in transdifferentiated IMR90

Because ARTD1 participates in several differentiation and reprogramming systems (Abplanalp and Hot-

tiger, 2017) but its contribution to transdifferentiation is unknown, we took advantage of theMyoD-induced

transdifferentiation system to investigated its expression exclusively in transdifferentiated cells, thus
2 iScience 24, 102432, May 21, 2021
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Figure 1. MyoD induces ARTD1 expression in IMR90 cells

(A) IF of untreated (untr) or dox-treated (dox) MyoD+ fibroblasts using anti-MyoD and anti-ARTD1 antibodies

(magnification 203). Scale bars indicate 20mm. Quantification on the right: the nuclear mean fluorescence intensity

(arbitrary unit) of each event was normalized over the mean of the control/untreated, arbitrarily set to 30. The Y axes of

violin plots are shown as log10 scales. For statistical analysis, a ratio-paired student t-test was used (n = 3–5; *, p < 0.05; **,

p < 0.005; ***, p < 0.0005).

(B) WB analysis of untreated (dox -) or dox-treated (dox +) MyoD+ fibroblasts upon siMock or siARTD1.

(C) qPCR forARTD1 in untreated (untr) or dox-treated (dox) MyoD+ andMyoD� IMR90. Data are shown as meanG SD. For

statistical analysis, 3 to 5 independent experiments were compared using a ratio-paired student t-test with *, p < 0.05; **,

p < 0.005; ***, p < 0.0005.

(D) UCSC browser showing MyoD binding (pink track) on human ARTD1 gene of MyoD+ cells in GM1 and H3K27ac of

MyoD� and MyoD+ cells in GM1 (black tracks).
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excluding its contribution to differentiation. MyoD+ cells were treated with dox, and protein levels of both

ARTD1 and MyoD were analyzed at the single-cell level by quantitative image-based cytometry (QIBC)

(Toledo et al., 2013) (Figure 1A). In contrast to other reported systems, where the level of ARTD1 was easily

detectable (Erener et al., 2012; Luo et al., 2017), it was weakly expressed in IMR90 fibroblasts and the dox-

induced expression of MyoD significantly increased ARTD1 protein levels, as observed by IF but also byWB

(Figures 1A and 1B), suggesting that MyoDmight regulate the expression of ARTD1. Analysis of the ARTD1

mRNA by qPCR indeed confirmed its increase in MyoD+ cells upon dox-treatment. Conversely, control

fibroblasts treated with dox (i.e. MyoD� cells) did not show any change in ARTD1 levels, confirming

that the observed increase of ARTD1 is not a consequence of the dox treatment itself but is indeed
iScience 24, 102432, May 21, 2021 3
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MyoD-dependent (Figure 1C). To test whether MyoD can directly bind the promoter of ARTD1, recently

published ChIP-seq data of MyoD were analyzed (Dall’Agnese et al., 2019). MyoD binding was indeed

observed at the proximal promoter of ARTD1 in GM1 MyoD+ cells (Figure 1D), suggesting that MyoD

directly promotes ARTD1 expression. Furthermore, the observed increased acetylation of histone 3 lysine

27 (H3K27ac) at the transcriptional start site of ARTD1 in GM1 MyoD+ cells confirmed the upregulation of

ARTD1 transcription in transdifferentiated cells.

To analyze whether the overexpression of MyoD is sufficient to increase ARTD1 levels in any cell line, we

generated MyoD+ HEK 293 cells and repeated the experiments. Despite the strong induction of MyoD

upon dox treatment, ARTD1 level remained unchanged in MyoD+ HEK 293 (Figures S2A and S2B), suggest-

ing that the observed MyoD-dependent increase of ARTD1 is not ubiquitous. Furthermore, comparison of

the basal (i.e. untreated) ARTD1 levels in IMR90 and HEK 293 cells revealed that ARTD1 levels were much

lower in IMR90 cells (Figures S2B and 2C) (Chen et al., 2014), suggesting that the promoter of ARTD1 is

differently regulated in the two tested cell lines. qPCR analysis for myogenic markers in MyoD+ HEK 293

cells treated with dox revealed that the overexpression of the murine MyoD did not activate the human

myogenic program in this cell line (Figure S2D), confirming that not every cell line responds to MyoD-

dependent cell conversion, most likely owing to the lack of MyoD cofactors (Choi et al., 1990; Skerjanc

et al., 1994; Weintraub et al., 1989). Indeed, these results confirmed that the observed MyoD-dependent

increase of ARTD1 is not ubiquitous in every cell line but is rather specific of cells able to transdifferentiate.

ARTD1 does not contribute to MyoD-dependent regulation of chromatin

compartmentalization

MyoD-induced transdifferentiation was described to be associated with an extensive three-dimensional

(3D) reorganization of the genome via binding of MyoD to CTCF boundaries (Dall’Agnese et al., 2019).

Because ARTD1 interacts with CTCF to regulate chromatin architecture (Zhao et al., 2015), we tested

whether and to which extent ARTD1 would affect the chromatin compartmentalization during transdiffer-

entiation. Hi-C analysis of untreated or dox-treated MyoD+ cells confirmed that MyoD expression strongly

altered A/B compartmentalization (Figure 2A, Table S1, S2). However, the eigenvector PCA analysis re-

vealed that knockdown of ARTD1 only mildly affected A/B compartmentalization compared with the cor-

responding siMock control in both untreated and dox-treated MyoD+ cells (Figure 2A), suggesting that the

presence of ARTD1 has only a mild, local effect on A/B compartmentalization, however, in a transdifferen-

tiation-independent manner.

Because knock down of ARTD1 does not allow distinguishing between the function of the protein and its

enzymatic activity, the Hi-C analysis was repeated in presence of the PARP inhibitor Niraparib (PARPi) (Fig-

ure S3A). The samples treated with niraparib clustered slightly differently from the ones treated with

siARTD1 (Figure S3A), suggesting that ARTD1 enzymatic activity might locally affect A/B compartmental-

ization but in a transdifferentiation-independent manner. Interestingly, cotreatment with niraparib and

siARTD1 did not induce any additive changes to the knockdown of ARTD1 alone (Figure S3A), confirming

that ARTD1 is the main ARTD family member contributing to A/B compartmentalization under the tested

conditions. However, because both niraparib treatment and ARTD1 knockdown induced comparable

changes in untreated as well as dox-treated cells, we concluded that the MyoD-induced ARTD1 and its

enzymatic activity do not contribute to transdifferentiation by affecting the chromatin compartmentaliza-

tion. This results also suggest that the newly transcribed, MyoD-dependent ARTD1 pool exerts a distinct

function than the already present ARTD1 pool, indicating that functionally different ARTD1 pools can

coexist at the same time.

ARTD1 mildly regulates the expression of a subset of MyoD-dependent genes

Because ARTD1 was described as transcription cofactor in several differentiation processes (Abplanalp and

Hottiger, 2017), we tested whether it would coregulate MyoD-induced target genes. Therefore, RNA

sequencing was performed on siMock MyoD+ cells with or without dox treatment (siMock untreated versus

siMock dox) and on dox-treated siARTD1 MyoD+ cells (siARTD1 dox). The comparison of untreated versus

dox-treated siMock MyoD+ cells confirmed that MyoD strongly induces gene expression changes (Fig-

ure 2B) and gene ontology (GO) analysis confirmed that MyoD activated the myogenic program (Dall’A-

gnese et al., 2019) (Figure S3B). However, PCA analysis of the three samples revealed that while untreated

and dox-treated MyoD+ cells significantly differed from each other, the transcription profiles of cells trans-

differentiated in presence or absence of ARTD1 were similar (Figure 2C, 2% variance). A more detailed
4 iScience 24, 102432, May 21, 2021
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Figure 2. MyoD-dependent ARTD1 regulates gene expression of a subset of MyoD target genes

(A) PCA eigenvector analysis of changes in A/B compartmentalization of untreated and dox-treated MyoD+ cells

transfected with siMock or siARTD1 (shape indicates different batches; size indicates sequencing depth).

(B) Volcano plot showing the comparison of gene expression between untreated (untr) or dox-treated (dox) MyoD+

fibroblasts. (Red dots: downregulated genes; Blue dots: upregulated genes; Green dots: unchanged genes; cutoff: fold

change R1.5; p value on the y axes).

(C) PCA analysis showing the variation of gene expression between untreated and dox-treated MyoD+ cells transfected

with siMock or siARTD1 (each dot represents a biological replicate).

(D) Volcano plot showing the comparison of gene expression between dox-treated MyoD+ fibroblasts transfected with

either siARTD1 or siMock. (Red dots: downregulated genes; Blue dots: upregulated genes; Green dots: unchanged

genes; cutoff: fold change R1.5; p value on the y axes).

(E) Heat map of differential gene expression between MyoD+ cells untreated (untr), dox-treated (dox) transfected with

either siMock or siARTD1 (cut-off: R 2-fold difference between samples).
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analysis of the differentially expressed genes of siMock dox and siARTD1 dox samples indicated that

ARTD1 regulates the gene expression of a subset of upregulated as well as downregulated genes (Fig-

ure 2D). A heat map comparing the expression of genes differentially regulated in all the three samples

allowed the identification of four clusters of genes (Figure 2E, Table S3: Deferentially regulated genes de-

tected by RNAseq, Related to Figure 2). GO analysis of genes in cluster 1, whose expression was enhanced

in absence of ARTD1, revealed that these genes were associated with general biological processes (e.g.

cytoskeleton regulation and cell motility) (Figure S3C). GO analysis of genes in cluster 2 (the largest cluster,

whose genes were induced by MyoD and showed reduced expression in absence of ARTD1) correlated

with muscle differentiation and function (Figure S3D), genes of cluster 3 (that were repressed by MyoD

but activated in absence of ARTD1) associated with different types of differentiation (e.g. chondrogenesis,

osteogenesis, neurogenesis) (Figure S3E). Finally, GO analysis of genes in cluster 4 (that were repressed by

MyoD and further reduced in absence of ARTD1) included inflammatory response genes, whose regulation

by MyoD was reported before (Dall’Agnese et al., 2019) (Figure S3F). These results suggested that ARTD1

coregulates the expression of a small subset of MyoD target genes (304 genes, 8% of MyoD target genes,
iScience 24, 102432, May 21, 2021 5
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Figure S3G), some of which favor transdifferentiation to myoblasts and prevent the induction of transdiffer-

entiation to other cell types (i.e. clusters 2 and 3).

MyoD induces ARTD1-dependent nuclear ADP-ribosylation

To investigate whether MyoD-induced ARTD1 catalyzed PAR in transdifferentiated cells, the presence of

PAR was assessed by QIBC in untreated and dox-treated MyoD+ cells. Intriguingly, 24 h after dox treat-

ment, we observed a significant increase of nuclear PAR (Figure 3A) that could also be detected with

another anti-PAR antibody (Figure S4A). In dox-treated MyoD� cells, the basal nuclear PAR levels were

barely detectable and did not change after dox treatment (Figure S4B), confirming that the increase of nu-

clear PAR was dependent on MyoD and was not a consequence of the dox treatment.

To strengthen that theMyoD-dependent nuclear PAR signal was enzymatically catalyzed, MyoD+ cells were

cotreated with dox and either Niraparib or Rucaparib, two different PARPi. Both inhibitors completely abol-

ished the MyoD-dependent nuclear PAR (Figure 3B and S4C). To finally confirm that ARTD1 is the enzyme

responsible for the observed PAR signal, ARTD1 was knocked down by siRNA in MyoD+ cells, and these

cells were subsequently treated with dox to induce transdifferentiation. As expected, knockdown of

ARTD1 significantly reduced ARTD1 protein (Figure S4D) and, similar to the PARPi treatment, prevented

the nuclear PAR accumulation (Figure 3C), confirming that ARTD1 is responsible for the PAR formation

in transdifferentiation.

MyoD-induced nuclear ADP-ribosylation is dynamic and maintained in a MyoD-independent

manner

Because continuous expression of MyoD is required to sustain transdifferentiation (Dall’Agnese et al.,

2019), we tested whether the expression of ARTD1 and the accumulation of PAR would be reversible

when the expression of MyoD is terminated by removing dox from the cells. Therefore, cells were transdif-

ferentiated by dox treatment (GM1) and then dox was either maintained or removed for additional 24 or

48 h (GM2 and GM3, respectively). When dox was removed, the expression of MyoD drastically declined

already within 24 h (GM2). Interestingly, neither ARTD1 nor nuclear PAR levels followed this drastic reduc-

tion but remained significantly higher as compared with untreated cells even 48 h after dox removal (Fig-

ure 3D), suggesting that after the initial induction by MyoD, the expression of ARTD1 is regulated in a

MyoD-independent manner. We therefore compared the expression of ARTD1 and the MyoD target

geneMyogenin after dox removal. AlthoughMyoD binds the promoters of both genes after dox induction,

the expression of Myogenin was immediately reduced after removal of dox, while ARTD1 levels remained

high even in absence of MyoD (Figures S4E and 4F), suggesting that once the expression of ARTD1 is

induced, MyoD is not further required. Moreover, this result suggested that MyoD-dependent ARTD1

might play a function in transdifferentiation that is not directly linked to the expression of the myogenic

program but rather points toward a different function of ARTD1 in transdifferentiation.

ARTD1-induced PAR formation is very dynamic, and the half-life of the PAR is estimated to be within the

minute range (Andersson et al., 2016). We thus investigated whether the PAR signal observed in absence

of MyoD was continuously synthesized and degraded or rather stable. Therefore, MyoD+ cells were treated

with dox for 24 h (GM1) to induce ARTD1 and PAR and niraparib was added when dox was removed for

additional 24 hr (GM2) (Figure 3E). While PAR levels were comparable in GM2 both in presence and

absence of dox, niraparib treatment inhibited the nuclear PAR formation at GM2 (Figure 3E), suggesting

that the nuclear PAR indeed undergoes continuous turnover, being synthesized by ARTD1 and likely

degraded by an active nuclear PAR-eraser.

MyoD-dependent PAR synthesis is cell cycle independent and not induced by DNA damage

Because the activation of ARTD1 was linked to replication stress (Hanzlikova et al., 2018; Maya-Mendoza

et al., 2018), we took advantage of the QIBC technology to analyze the distribution of PAR at the single-

cell level and in a cell-cycle-dependent manner. The analysis confirmed that most of the IMR90 fibroblasts

were accumulated in G1 phase before and after transdifferentiation (Figure S5A) (Dall’Agnese et al., 2019),

however, cells with high or low PAR signals did not accumulate in any particular cell cycle phase (Fig-

ure S5B), thus excluding a functional contribution of MyoD-dependent PAR in cell cycle progression.

Alternatively, the activity of ARTD1 can be induced by damaged DNA (Azarm and Smith, 2020). We thus

tested whether double-strand (ds) DNA breaks would activate ARTD1 during transdifferentiation. To
6 iScience 24, 102432, May 21, 2021
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Figure 3. MyoD induces ARTD1-dependent nuclear ADP-ribosylation

(A) IF of untreated (untr) or dox-treated (dox) MyoD+ fibroblasts using anti-MyoD and anti-PAR antibodies (magnification

203). Scale bars indicate 20mm. Quantification on the right.
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Figure 3. Continued

(B) IF of PARPi treatment of untreated or dox-treated MyoD+ fibroblasts using anti MyoD and anti-PAR antibodies (Nir:

niraparib, magnification 203) Scale bars indicate 20mm. Quantification of PAR on the right.

(C) IF of untreated or dox-treated MyoD+ fibroblasts upon siMock or siARTD1 transfection using anti-MyoD and anti-PAR

antibodies (magnification 203). Scale bars indicate 20mm. Quantification of PAR on the right.

(D) Quantification of the IF of MyoD+ fibroblasts either untreated (untr) or dox-treated (dox) using anti-PAR and anti-MyoD

antibodies. After 24h (GM1), dox was either maintained for additional 24 or 48 h (GM1 and GM2) or removed for the same

time.

(E) Quantification of IF of MyoD+ fibroblasts either untreated or dox-treated using anti-PAR, anti-MyoD and anti-ARTD1

antibodies. After 24 h (GM1), dox was either maintained for additional 24 h (GM2) or removed for the same time. Niraparib

(Nir) was added at GM1 together with dox withdrawal (GM2 dox-, nir+). For every quantification, the IF signal was

normalized as described in Figure 1. The Y axes of all violin plots are shown as log10 scales. For statistical analysis, a ratio-

paired student t-test was used (n = 3-5; *, p < 0.05; **, p < 0.005; ***, p < 0.0005).
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test whether dsDNA breaks would induce PAR formation, we analyzed the accumulation of g-H2AX and

53BP1 foci upon transdifferentiation by QIBC including treatment with the topoisomerase II inhibitor eto-

poside as a positive control. As expected, in untreated IMR90, etoposide induced g-H2AX mainly in cells

allocated to the S-phase (Figure 4A). Interestingly, although a similar induction of g-H2AX was observed in

dox-treated cells without etoposide treatment, the high signal of g-H2AX was again S-phase specific (Fig-

ure 4A), while cells with high MyoD-dependent PAR levels were equally distributed in all phases of the cell

cycle (Figures 4B and S5B), suggesting that dsDNA breaks are unlikely responsible for the observed PAR

formation. Moreover, dox treatment alone did not induce 53BP1 foci formation (Figure 4C), which was

instead increased after the etoposide treatment (Figure 4C), providing further evidence that MyoD-depen-

dent PAR is not induced by DNA damage but rather points to another yet to be defined mechanism that is

peculiar of IMR90 cells.

Interestingly, although the levels of PAR were unchanged in transdifferentiated cells treated with etopo-

side (Figure 4D), they showed higher g-H2AX and 53BP1 signals than untreated cells after etoposide treat-

ment (Figures 4A and 4C), suggesting that the nuclear PAR accumulated during transdifferentiation might

enhance the formation of g-H2AX foci and thus the DNA damage response, for example by sustaining Nu-

dix-dependent ATP production (Wright et al., 2016). To test whether the synthesized PAR would indeed be

responsible for the sensitization of the transdifferentiated cells to genotoxic stress, we repeated the

previously described experiments upon ARTD1 depletion. However, knock down of ARTD1 during trans-

differentiation did not affect the enhanced etoposide-induced g-H2AX and 53BP1 foci formation after

dox treatment (Figures S5C and 5D), suggesting that the MyoD-dependent PAR itself is not responsible

for the increased sensitivity to DNA damage in transdifferentiated cells.
MyoD-dependent ADP-ribosylation localizes to the nucleoplasm

To date, ARTD1-mediated PAR was associated to chromatin either contributing to DNA repair or regu-

lating gene expression (Azarm and Smith, 2020; Luo et al., 2017; Hottiger, 2015). Because the MyoD-

induced PAR was not involved in the regulation of the myogenic program and was not induced by DNA

damage, we hypothesized that it might differ from the canonical one. When compared with H2O2-induced

PAR, the signal intensity of the MyoD-dependent one was lower but detectable (Figure S6A). Interestingly,

confocal microscopy revealed that the MyoD-dependent PAR signal displayed a different pattern profile in

comparison with the H2O2-induced one, with big and round foci dispersed throughout the nucleus

(Figure 5A).

Because histones are the main targets of ARTD1-mediated PAR upon H2O2 treatment (Gibbs-Seymour

et al., 2016), we tested whether MyoD-induced PAR is associated to chromatin comparable with the

described H2O2-induced one. Therefore, the chromatin association of PAR in untreated, dox-treated, or

H2O2-treated MyoD+ cells was examined by IF in combination with a pre-extraction step (Figures 5B and

S6B). While H2O2-induced PARwas as expected strongly chromatin-associated after a mild (i.e. 0.1% Triton)

or a more stringent pre-extraction treatment (i.e. 0.2% Triton), MyoD-dependent nuclear PAR was unde-

tectable in both pre-extraction conditions (Figures 5B, S6B), suggesting that it is not associated to chro-

matin and probably does not serve the same function than chromatin-bound PAR. Costaining of PAR

with two different histone marks, histone 3 lysine 4 methylation (H3K4me3) and histone 3 lysine 9 di-methyl-

ation (H3K9me2) revealed that MyoD-dependent nuclear PAR did not colocalize with either mark (Fig-

ure 5C), confirming that MyoD-induced PAR is rather localized to the nucleoplasm.
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Figure 4. MyoD-dependent ADP-ribosylation is independent of dsDNA breaks

(A) g-H2AX levels depicted as a function of cell cycle progression of untreated or dox-treated MyoD+ cells, in presence of

etoposide. Each dot represents a single cell. (Gray: low g-H2AX; blue: high g-H2AX).

(B) g-H2AX levels depicted as a function of cell cycle progression and color-coded for nuclear PAR levels of untreated or

dox-treated MyoD+ cells, in presence of etoposide. Each dot represents a single cell (Gray: low PAR; red: high PAR).

(C) Nuclear 53BP1 foci depicted as a function of cell cycle progression of untreated or dox-treated MyoD+ cells, in

presence of etoposide. Each dot represents a single cell (Gray: low 53BP1; yellow: high 53BP1).

(D) Nuclear PAR levels depicted as a function of cell cycle progression of untreated or dox-treated MyoD+ cells, in

presence of etoposide. Each dot represents a single cell (Gray: low PAR; red: high PAR).
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PARylation of ARTD1 was suggested to evict it from the chromatin (Muthurajan et al., 2014). To analyze the

chromatin retention of ARTD1 during transdifferentiation, dox-treated cells were pre-extracted and

analyzed by IF, using methanesulfonate (MMS) and olaparib cotreated cells as the positive control (Michel-

ena et al., 2018). While MMS/olaparib induced a strong chromatin retention of ARTD1, transdifferentiation

did not increase the affinity of ARTD1 for chromatin (Figures 5D, S6C). Moreover, as additional control,

endogenous topoisomerase II was successfully detected on chromatin even after stringent pre-extraction

(Figure S6D). Furthermore, chromatin fractionation followed by WB confirmed that ARTD1 is accumulated

in the soluble fraction and does not associate to chromatin during transdifferentiation (Figure S6E). Alto-

gether, these results revealed that the MyoD-induced ARTD1 indeed was not retained on chromatin and

that MyoD-dependent PAR localized to the nucleoplasm, suggesting that automodification of ARTD1

might lead to its nucleoplasmic localization.

DISCUSSION

Although ARTD1 was described to coregulate several differentiation systems and cell reprogramming (Ab-

planalp and Hottiger, 2017), the contribution of ADPR to transdifferentiation is still unknown. Our results

revealed that MyoD-dependent transdifferentiation induced ARTD1 expression, leading to increased nu-

clear PAR that was neither cell-cycle-dependent nor induced by DNA damage. MyoD-dependent nuclear

PAR was highly dynamic being continuously synthesized and removed and unlike H2O2-induced PAR was

not chromatin-bound but localized to the nucleoplasm.

Because we wanted to exclude the effect of the contribution of ARTD1 to further differentiation, the MyoD-

dependent transdifferentiation of fibroblasts to myoblasts allowed us to focus exclusively on the transdif-

ferentiation process (i.e. cell type conversion). In IMR90, MyoD bound to the promoter of ARTD1 and

increased its expression, leading to increased nuclear ARTD1 levels. This observation differed from what

was shown for most of the studied differentiation systems where ARTD1 levels were rather stable or

even decreased (Erener et al., 2012; Luo et al., 2017; Wisnik et al., 2017), pointing toward a new mechanism

of regulating ARTD1 expression in cellular plasticity. The MyoD-dependent increase of ARTD1 was not

observed when MyoD was overexpressed in HEK 293 cells, suggesting that cells unable to transdifferenti-

ate (e.g. HEK293) do not show any increase of ARTD1 expression. This result might be explained by
iScience 24, 102432, May 21, 2021 9
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Figure 5. MyoD-dependent nuclear ADP-ribosylation localizes in foci that are not chromatin-bound

(A) Confocal pictures of dox-treated (dox) or H2O2-treated (H2O2) MyoD+ fibroblasts stained with anti-PAR (zoom in of

magnification 633). Scale bars indicate 10 mm.

(B) IF for chromatin associated MyoD and PAR on MyoD+ fibroblasts untreated or dox-treated or treated with H2O2 after

pre-extraction with 0.2% Triton (magnification 203). Scale bars indicate 20 mm.

(C) IF of dox-treated MyoD+ fibroblasts using anti-H3K4me3 (upper panel), anti-H3K9me2 (lower panel) and anti-PAR

antibodies (zoom in of magnification 203) Scale bars indicate 10 mm.

(D) IF for chromatin associatedMyoD and ARTD1 onMyoD+ fibroblasts either untreated or dox-treated or co-treated with

Methyl-methanesulfonate and Olaparib (MMS + Ola), after pre-extraction with 0.2% Triton (magnification 203). Scale

bars indicate 20 mm.
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different chromatin landscapes in different cell lines. Interestingly, after transcriptional activation of the

ARTD1 gene, removal of MyoD only slightly reduced the ARTD1 mRNA levels, while the expression of

the canonical MyoD target gene Myogenin completely ceased, suggesting that the promoter region of

ARTD1 once activated, remains accessible and the gene is continuously expressed. The reason behind

this different behavior of the promoters of ARTD1 and Myogenin in response to MyoD is so far still un-

known, but this observed difference suggests that while Myogenin is essential for the activation of the

myogenic program (Andres and Walsh, 1996), MyoD-induced ARTD1 has rather a different function in

transdifferentiation.

The increased ARTD1 protein levels even 48 h after MyoD withdrawal cannot be explained with the stability

of the protein because siRNA experiments revealed that ARTD1 protein is undetectable already 48 h after

knockdown, indicating that ARTD1 has quite a short life span. Thus, we speculate that the ARTD1 expres-

sion is regulated by a positive feedback loop.We cannot exclude that a pool of ARTD1might be in complex

with other transcription factors than MyoD, regulating its own expression. Although the regulation of

ARTD1 transcription is not completely understood, several chromatin remodelers and transcription factors,

such as Sp1, were described to modulate its expression (Zaniolo et al., 2005). MyoD recruits HATs and SWI/

SNF and interacts with Sp1 (Tapscott, 2005). Thus, the expression of ARTD1might be regulated and main-

tained by a transcription factor that binds to the ARTD1 promoter in a MyoD-dependent manner but then

remains associated independently of MyoD.

Hi-C analysis during transdifferentiation revealed that MyoD is involved in chromatin rewiring at CTCF

binding sites and MyoD-dependent changes in genome architecture are needed to activate the myogenic

transcriptional program (Dall’Agnese et al., 2019). Moreover, CTCF was reported to be ADP-ribosylated by

ARTD1 (Farrar et al., 2010) and interaction of ARTD1 and CTCF regulated the formation of Lamin-associ-

ated domains in a circadian-rhythm-dependent fashion (Zhao et al., 2015). Our Hi-C analysis confirmed

that MyoD-dependent transdifferentiation led to strong changes in A/B compartmentalization, thus regu-

lating the 3D genome architecture (Dall’Agnese et al., 2019). However, ARTD1 or its enzymatic activity had

only a mild effect on A/B compartmentalization that was comparable both in fibroblasts and myoblasts,

suggesting that the MyoD-dependent ARTD1 does not contribute to these changes.

The efficiency of transdifferentiation is very difficult to evaluate (Mills et al., 2019). An option to overcome this

limitation is to compare transdifferentiated cells with normally differentiated ones. However, our current, dy-

namic envision of the epigenetic landscape rather suggests that cells changing their cellular identity by trans-

differentiation use pathways that differ from the ones used for differentiation (Rajagopal and Stanger, 2016).

Moreover, both transdifferentiation anddifferentiation are characterizedby high levels of heterogeneity of chro-

matin landscapes and gene expression profiles, even between cells of the samepopulation, thusmaking a com-

parison very difficult (Gulati et al., 2020). In this regard, although C2C12myotubes andmyotubes obtained from

transdifferentiated IMR90 are globally comparable in terms of morphology and expression of myogenic

markers, they are not identical because, for instance, they differ in the extent of ARTD1 expression and PAR

formation (our own unpublished data). Our data rather point toward a different and distinct function of

ARTD1 during differentiation and transdifferentiation. In this perspective, to investigate ARTD1’s function in

transdifferentiation by comparing transdifferentiated IMR90 with C2C12 would be very simplistic because the

molecular pathway characterizing the two different types of myoblasts are very different. In addition, to dissect

the role of ARTD1 in transdifferentiation by further differentiating MyoD-induced IMR90 to myotubes after

ARTD1 knock down or inhibition would be inconclusive because ARTD1 is also involved in myogenesis (Olah

et al., 2015) and to distinguish the function of ARTD1 for the initial cell type conversion versus its function during

the subsequent differentiation would thus be very difficult. The best way to investigate ARTD1’s contribution to

MyoD-induced cell type conversion is to study fibroblasts to myoblasts transdifferentiation to focus exclusively

on the initial step of the process. Our RNA-seq analysis during transdifferentiation confirmed the induction of

themyogenic program. The number ofMyoD target genes, whose expressionwas affectedbyARTD1,was how-

ever quite small, and the loss of ARTD1 did not prevent overall transdifferentiation, suggesting that ARTD1 is

dispensable for MyoD-dependent gene expression during transdifferentiation under the tested conditions.

This is in line with the notion that MyoD alone is sufficient to activate the myogenic program (Sartorelli and

Puri, 2018).

Although the enzymatic activity of ARTD1 is usually induced by replication stress or damaged DNA

(Alemasova and Lavrik, 2019), the MyoD-dependent PAR formation was observed throughout the cell cycle
iScience 24, 102432, May 21, 2021 11
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and was independent of dsDNA breaks. In line with this finding, basal ARTD1 activity was reported in

different cancer cell lines in absence of DNA damage (Krukenberg et al., 2014), suggesting the existence

of a different mechanism for ARTD1 activation that could be used also in transdifferentiated IMR90. Further

experiments are required to elucidate the molecular mechanism responsible for the induction of the enzy-

matic activity of ARTD1 in MyoD-dependent transdifferentiation.

The current manuscript provides evidence that MyoD-induced PAR is not involved in regulation of gene

expression, does not contribute to MyoD-dependent 3D chromatin architecture, is not induced by DNA

damage, and does not contribute to cell cycle regulation. Unfortunately, we could not identify yet the func-

tion of MyoD-dependent PAR induction. However, our data revealed that MyoD-dependent ARTD1 and

PAR were not associated to chromatin but localized to the nucleoplasm. In contrast to oxidative stress con-

ditions, our pre-extraction experiments suggest that histones are very unlikely to be modified by MyoD-

dependent ARTD1. Auto-ADPR of ARTD1 changes its physicochemical properties and chromatin affinity

(Muthurajan et al., 2014). Thus, the present study suggests that the MyoD-dependent ARTD1 pool that

is modified and localizes to the nucleoplasm is unlikely regulating any of the canonical, chromatin-linked

functions (e.g. DNA repair or transcriptional regulation). This evidence rather suggests a so far undescribed

function of PAR in the nucleoplasm. As HPF1 regulates ARTD1 specificity for histones as target proteins

(Gibbs-Seymour et al., 2016), the lack of HPF1 or the expression of other cofactors might regulate the shift

toward ARTD1 automodification and/or modification of other nucleoplasmic proteins. To investigate the

ADP-ribosylome of IMR90 cells upon transdifferentiation, a special MS protocol is applied (Martello

et al., 2016), which requires a large amount of starting material. IMR90 cells grow very slowly and do un-

dergo senescence very quickly, thus not allowing to further investigate the ADP-ribosylome of transdiffer-

entiated IMR90. In the nucleoplasm, PAR might recruit and regulate the local diffusion of nuclear proteins

during transdifferentiation. Comparably, PARmediates the shuttling of TARG between the nucleoli and the

nucleoplasm after DNA damage (Butepage et al., 2018). Furthermore, owing to its negative charge, PAR

behaves as a seeder of liquid-liquid demixing (Altmeyer et al., 2015). Thus, MyoD-dependent PAR foci

might locally increase the concentration of PAR-binding proteins, allowing the establishment of mem-

braneless nucleoplasmic environments with liquid-droplet-like behavior.

Transplantation of transdifferentiated cells, starting either with healthy donor cells or with genetically en-

gineered patient fibroblasts, represents a potential therapeutic approach for several genetic diseases

(Mollinari et al., 2018). Although, ARTD1-dependent PAR does not seem to contribute to transdifferentia-

tion under the tested conditions, we speculate that it might increase its efficiency. However, single-cell

RNA seq would be required to better investigate this hypothesis. Thus, further investigation of the function

of ADPR in transdifferentiation might lead to the use of targeting ADPR (e.g. by inhibitors of the potential

eraser) as possible therapeutic approach for genetic diseases.
Limitations of the study

The enzymatic activity of ARTD1 was induced during transdifferentiation in a cell cycle and DNA damage

independent manner; however, the molecular mechanism behind ARTD1’s activation remains elusive.

Moreover, although we observed that ARTD1-dependent PAR was not chromatin associated but localized

to the nucleoplasm of transdifferentiated myoblasts, we could not identify the function of nuclear ADPR in

the used system. Thus, the role of MyoD-dependent PAR is so far still unknown. Identifying which target

proteins are modified by ARTD1 could help dissecting the molecular mechanism behind the increase of

PAR after MyoD expression. Unfortunately, the used IMR90 cells proliferate slowly and quickly undergo

senescence, thus not allowing to reach the required protein amounts to further investigate the ADP-ribo-

sylome of transdifferentiated IMR90 cells.

It remains to be investigated to which extent the observed ARTD1-induced PAR can be also observed in

other transdifferentiation systems.
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Materials availability

Plasmids and materials related to transdifferentiation should be requested to P. L. Puri (email address:

lpuri@sbpdiscovery.org). All other materials are available from Michael O. Hottiger. This study did not

generate any new unique reagent.

Data and code availability

All data is available in the main text or the supplementary information.

The Hi-C data and the RNA-seq data have been deposited in the NCBI database und ID BioProject:

PRJNA610985.

METHODS

All methods can be found in the accompanying transparent methods supplemental file.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.2021.102432.
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Suppl. Figure 1: MyoD induction converts IMR90 fibroblasts into myotubes. Related to Figure 1.
(A) Scheme representing the trans-differentiation protocol: 24h treatment with doxycycline (dox)
induces MyoD expression, thus converting fibroblasts into myoblasts (GM1 condition: 24h of Growth
Medium with dox). Myoblasts are differentiated into myotubes by serum removal for several days
(DM1, DM2, DM3, DM5 = 1, 2, 3 or 5 days in Differentiation Medium). (B) IF of MyoD+ fibroblasts
with or without dox using anti MyoD antibody (magnification 20x). Scale bars indicate 50 m. (C)
qPCR for human myogenic markers Myogenin, MyoD and Muscular Creatin Kinase (MCK) on MyoD+

IMR90 (GM1, DM1, 2, 3, 5). (D) IF staining of MyoD+ fibroblasts using with Myosin Heavy Chain
(MHC) antibody (magnification 20x). Scale bars indicate 50 m.
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Suppl. Figure 2: MyoD does not induce ARTD1 expression in HEK293 cells. Related to Figure 1.
(A) IF of HEK 293 cells using anti-ARTD1 and anti-MyoD antibodies (magnification 20x).
Quantification on the right. Scale bars indicate 20 m. (B) qPCR for ARTD1 in HEK 293 and IMR90
cells untreated (untr) or dox-treated (dox) for 24 (GM1), 48 (GM2) or 72 hours (GM3). Data are shown
as Mean +/- SD (C) IF of untreated (untr) or dox-treated (dox) IMR90 and HEK 293 cells using anti-
ARTD1 antibody (magnification 20x). Scale bars indicate 20 m. Quantification on the right. (D)
qPCR for ARTD1 and human myogenic markers in HEK 293 and IMR90 cells untreated (untr) or dox-
treated (dox) for 24 (GM1), 48 (GM2) or 72 hours (GM3). Data are shown as Mean +/- SD.
For every quantification, the IF signal was normalised as described in Figure 1. The Y-axes of all violin
plots are shown as log10 scales. For statistical analysis, a ratio-paired student t-test was used (n =3-5; *,
p<0.05; **, p <0.005; ***, p < 0.0005).
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Suppl. Figure 3: ARTD1 regulates only a subset of MyoD target genes involved in cell type
conversion. Related to Figure 2.
(A) PCA eigenvector analysis of changes in A/B compartmentalization in untreated and dox-treated
MyoD+ cells transfected with siMock or siARTD1 and treated with Niraparib (shape indicates different
batches; size indicates sequencing depth). (B) GO analysis of genes up-regulated in siMock dox
compared to siMock untreated (C) GO analysis of cluster 1. (D) GO analysis of cluster 2. (E) GO
analysis of cluster 3. (F) GO analysis of cluster 4. (G) Number of transcripts with differential
expression for each condition. siMock untr versus siMock dox: cut-off  2-fold change, p-value < 0.05;
siMock dox versus siARTD1 dox: cut-off  1.5-fold change, p-value < 0.05.
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Suppl. Figure 4: PARPi treatment and knock-down of ARTD1 inhibit the MyoD-dependent
nuclear PAR. Related to Figure 3.
(A) IF of untreated (untr) or dox-treated (dox) MyoD+ fibroblasts using anti-PAR (Abcam)
(magnification 20x). Scale bars indicate 20 m. Quantification on the right. (B) IF of untreated or dox-
treated control MyoD- fibroblasts using anti-MyoD and anti-PAR antibodies (magnification 20x). Scale
bars indicate 20 m. Quantification of PAR on the right. (C) IF of untreated (untr) or dox-treated (dox)
MyoD+ fibroblasts upon PARPi Rucaparib (Ruc) using anti MyoD and anti-PAR antibodies
(magnification 20x). Scale bars indicate 20 m. Quantification of PAR on the right. (D) IF of untreated
or dox-treated MyoD+ fibroblasts upon siMock or siARTD1 using anti-MyoD and anti-ARTD1
antibodies (magnification 20x). Scale bars indicate 20 m. Quantification of ARTD1 on the right. (E/F)
qPCR for Myogenin and ARTD1 in untreated or dox-treated MyoD+ IMR90. After 24 hours (GM1) dox
was either maintained for additional 24, or 48 hours (GM2 and GM3) or removed for the same time.
Data are shown as Mean +/- SD. For statistical analysis, 3 to 5 independent experiments were
compared using a ratio-paired student t-test with *, p<0.05; **, p <0.005; ***, p < 0.0005.
For every quantification, the IF signal was normalised as described in Figure 1. The Y-axes of all violin
plots are shown as log10 scales. For statistical analysis, a ratio-paired student t-test was used (n =3-5; *,
p<0.05; **, p <0.005; ***, p < 0.0005).
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Suppl. Figure 5: Trans-differentiation increases etoposide sensitivity of IMR90 independently of
ARTD1. Related to Figure 4.
(A) Cell-cycle distribution of untreated or dox-treated MyoD+ fibroblasts. Data are shown as
percentage of cells +/- SD. (B) Untreated or dox-treated MyoD+ fibroblasts stained with anti-PAR
antibody. Total versus mean DAPI intensities color-coded for PAR depicted as a function of cell cycle
progression. (Grey dots: low PAR; red dots: high PAR). (C) -H2AX levels depicted as a function of
cell cycle progression in untreated or dox-treated MyoD+ cells, transfected with siMock or siARTD1
and in presence of etoposide. Each dot represents a single cell. (Grey: low -H2AX; blue: high -
H2AX). (D) 53BP1 levels depicted as a function of cell cycle progression in untreated or dox-treated
MyoD+ cells, transfected with siMock or siARTD1 and in presence of etoposide. Each dot represents a
single cell. (Grey: low 53BP1; orange: high 53BP1).
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Suppl. Figure 6: MyoD-dependent ARTD1 is not associated to chromatin. Related to Figure 5.
(A) IF of untreated (untr) or dox-treated (dox) or H2O2-treated MyoD+ fibroblasts using anti-MyoD and
anti-PAR (magnification 20x). Scale bars indicate 20 m. Quantification of PAR on the right. (B) IF for
chromatin associated MyoD and PAR of MyoD+ fibroblasts either untreated (untr) or dox-treated (dox)
or treated with 1mM H2O2 after pre-extraction with 0.1% triton (magnification 20x). Scale bars indicate
20 m. (C) IF for chromatin associated MyoD and ARTD1 of MyoD+ fibroblasts either untreated or
dox-treated or co-treated with Methyl methanesulfonate and olaparib (MMS + Ola) after pre-extraction
with 0.1% triton (magnification 20x). Scale bars indicate 20 m. (D) IF of MyoD+ fibroblasts untreated
or dox-treated using anti -Topoisomerase II (Topo II) antibody on total cells (left panel) or after pre-
extraction with 0.2% Triton-X (right panel) (magnification 20x). Scale bars indicate 20 m. (E)
Chromatin fractionation followed by WB for ARTD1, tubulin and histone 3 (H3) of MyoD+ fibroblasts
untreated or dox-treated or co-treated with Methyl methanesulfonate and olaparib (MMS + Ola). (WC:
whole cell; chr: chromatin fraction; soluble: soluble fraction).
For every quantification, the IF signal was normalised as described in Figure 1. The Y-axes of all violin
plots are shown as log10 scales.
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Suppl. Table 1: HiC depth, Related to Figure 2. 

 

 

Sample ID  Sample name  Depth  Batch  Condition  
Condition 
number 

RLB1 Mock - Dox exp1 41.88982 1 -MyoD 1 
RLB2 Mock + Dox exp1 44.82709 1 +MyoD 2 
RLB3 A - Dox exp1 42.80994 1 siPARP -MyoD 3 
RLB4 A + Dox exp1 50.45181 1 siPARP +MyoD 4 
RLB5 Mock - Dox exp2 38.8991 2 -MyoD 1 
RLB6 Mock + Dox exp2 44.89545 2 +MyoD 2 
RLB7 A - Dox exp2 44.4141 2 siPARP -MyoD 3 
RLB8 A + Dox exp2 33.72203 2 siPARP +MyoD 4 
RLB9_B A-A1 259 32.01774 3 siPARP -MyoD 3 

RLB10_B A-A1 NIR 259 30.55666 3 
siPARP -MyoD 
+PARPi 5 

RLB11_B A-A1 DOX 259 31.23435 3 siPARP +MyoD 4 

RLB12_B A-A1 DOX NIR 259 30.43047 3 
siPARP +MyoD 
+PARPi 6 

RLB13_B A-Mock 259 31.5787 3 -MyoD 1 
RLB14_B A-Mock NIR 259 31.21282 3 -MyoD +PARPi 7 
RLB15_B A-Mock DOX 259 29.76744 3 +MyoD 2 
RLB16_B A-Mock DOX NIR 259 31.69828 3 +MyoD +PARPi 8 

RLB17_B C-A1 NIR 259 30.13274 4 
siPARP -MyoD 
+PARPi 5 

RLB18_B C-A1 DOX NIR 259 28.58152 4 
siPARP +MyoD 
+PARPi 6 

RLB19_B C-Mock NIR 259 31.9398 4 -MyoD +PARPi 7 
RLB20_B C-Mock DOX NIR 259 30.82411 4 +MyoD +PARPi 8 
RLB21 B- A1 259 26.18775 5 siPARP -MyoD 3 

RLB22 B- A1 NIR 259 23.44518 5 
siPARP -MyoD 
+PARPi 5 

RLB23 B- A1 DOX 259 28.66356 5 siPARP +MyoD 4 

RLB24 B- A1 DOX NIR 259 28.71846 5 
siPARP +MyoD 
+PARPi 6 

RLB25 B- Mock 259 25.07893 5 -MyoD 1 
RLB26 B- Mock NIR 259 25.3203 5 -MyoD +PARPi 7 
RLB27 B- Mock DOX 259 26.87696 5 +MyoD 2 
RLB28 B- Mock DOX NIR 259 25.22572 5 +MyoD +PARPi 8 
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Suppl. Table 2: Summary table of Hi-C sample statistics, Related to Figure 2.  
 

Condition Sample 
Sequenced 
Read Pairs 

Uniquely 
mapped Read 

Pairs 
% 

mapped 
Valid Read 

Pairs 
% 

Valid 
% 

Cis/trans 

siMock untr 1 44,187,561 36,954,764 83.6 31,578,703 85.5 76 
2 34,947,342 29,296,999 83.8 25,078,928 85.6 77 

siMock dox 1 42,000,584 35,119,014 83.6 29,767,438 84.8 76 
2 37,365,353 31,336,077 83.9 26,876,956 85.8 75 

siARTD1 
untr 

1 45,246,397 37,972,631 83.9 32,017,736 84.3 77 
2 36,672,196 30,804,333 84.0 26,187,747 85.0 76 

siARTD1 
dox 

1 44,320,688 37,253,410 84.1 31,234,346 83.8 76 
2 39,898,741 33,473,561 83.9 28,663,557 85.6 75 

 
A/B compartments analysis has been performed at 100 Kb resolution. 
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TRANSPARENT METHODS 
 
Cell culture  
The IMR90 cell line used for this study was originally purchased from Coriell Cell Repositories, grown 
under sterile conditions and routinely tested for mycoplasma. IMR90 cells were cultured in minimum 
essential medium (MEM) supplemented with 1% penicillin/ streptomycin (P/S), 10% (v/v) fetal calf 
serum (FCS), 1% non-essential Amino Acid solution (v/v) and 1% Sodium pyruvate (v/v, 1mM final 
concentration). After MyoD genetic complementation cells were cultured in presence of 1 µg/mL 
Puromycin to maintain the selection of cells with integrated constructs. HEK 293 cells were cultured in 
high glucose containing Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 1% 
penicillin/ streptomycin (P/S) and 10% (v/v) FCS. 
 
Genectic complementation of IMR90 cells with MyoD  
MyoD integration was performed according to (Dall'Agnese et al., 2019) Briefly, using the Amaxa SE 
Cell Line 4D-Nucleofector Kit (Lonza), proliferating IMR90 cells at passage 7-9 were electroporated 
according to the manufacturer’s protocol to introduce both the helper plasmid and the epB-Puro-TT 
containing murine MYOD cDNAand were then selected for the integration of the MyoD cDNA using 1 
µg/mL of puromycin. Plasmids were kindly provided by P. L. Puri.  
 
Trans-differentiation and terminal differentiation 
The expression of MyoD in IMR90 cells was activated by addition of 50 ng/ml of doxycycline (dox). 
All experiments were performed in proliferating IMR90 cells at passage 18-25. For GM1 condition cells 
were seeded until 95% confluency, expression of MyoD was induced with 50 ng/ml dox and cells were 
collected 24h after dox addition. To induce the myogenic differentiation, expression of MyoD was 
induced with dox in 95% confluency IMR90 cells and after 24h the medium was exchanged with MEM 
supplemented with 1% penicillin/ streptomycin (P/S), 2% Horse serum (HS) and 1% Insulin-
Transferrin-Selenium (ITS-G), 1% non-essential Amino Acid solution and 1% Sodium pyruvate (1mM 
final concentration), in presence of dox. Medium was exchanged every 2 days to add fresh dox. Cells 
were collected at day1 (DM1), day2 (DM2), day3 (DM3) or day5 (DM5) upon differentiation. 
HEK 293 were transfected with helper plasmid and epB-Puro-TT containing murine MYOD cDNA in 
the same concentration as for IMR90. 2x BES solution (50nM N,N-bis(2-hydroxyethyl)-2-amino-
ethanesulfonic acid (BES), pH 6.95 280 mM NaCl, 1.5mM Na2HPO4 in dd H2O) was added dropwise 
to a mix of plasmid DNA and CaCl2 yielding a final concentration of 1x BES and 150mM CaCl2. After  
2 min incubation at room temperature the mix was added to the cells drop-wise. Medium was changed 
after 6h. Cells were selected using 1.5 µg/mL of puromycin. Cells were seeded until 70% confluency, 
expression of MyoD was induced with 50 ng/ml of dox and cells were collected 24h (GM1), 48h (GM2) 
or 72h (GM3) after dox addition. 
 
Drug treatments 
Unless otherwise stated, cells were treated with the following compounds: H2O2 (1 mM, treatment 
performed in PBS) for 10 min, MMS (0.01% v/v) for 2h, Olaparib (10 µM) for 2h ,Niraparib (10 µM) 
for 24h and etoposide (5 µM) for 4 hrs.  
 
siRNA transfection 
siRNA mediated knock-down was performed via reverse transfection using Lipofectamine RNAi MAX 
according to the manufacturer’s manual. In brief, the day after seeding cells in 3.5 cm dishes, 10 nM 
siRNA were mixed with 3 µl lipofectamine in 250 µl serum-free OptiMEM and incubated for 20 min at 
room temperature (RT) before being added dropwise unto the cells. 2 days after siRNA transfection, 
downstream experiments were performed. A scrambled siRNA was used as control for each experiment. 
If bigger dishes were used, volumes were up-scaled accordingly. 
 
Immunofluorescence 
For all IF experiments, cells were seeded on 12 mm glass coverslips, treated if required, and then fixed 
using 4 % FA for 15 min at RT. Cells were subsequently permeabilized for 10 min at RT in PBS with 
0.2% Triton-X100 (Sigma Aldrich). When nuclear pre-extraction was performed, cells were first treated 
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with ice-cold permeabilization solution for 2 min on ice (unless stated otherwise) and then fixed as 
previously described. Cells were blocked in filtered PBS supplemented with 0.1% Triton-X100 and 2% 
BSA for 1h. The primary antibodies were diluted in blocking solution. By flipping the coverslips on 
drops of solution, cells were incubated with the antibody solution over night at 4°C. In case of the anti-
PAR-Ab (Enzo), DMEM supplemented with 10% FCS was used for blocking and dilution of the primary 
antibody, which was incubated on the cells for 2h at RT. In case of the anti-MHC-Ab (DHSB), filtered 
PBS supplemented with 0.1% Triton-X100 and 3% BSA was used for blocking and dilution of the 
primary antibody, which was incubated on the cells for 1h at 37°C. All secondary antibodies were diluted 
in the standard blocking solution (0.1% Trition-X100 and 2% BSA in PBS) for 1h at RT. After each 
antibody incubation, cells were washed 3 times with PBS and then incubated with 0.1 µg/mL Dapi in 
PBS for 20 min at RT. After an additional PBS wash, the coverslips were briefly washed in distilled 
water and mounted on glass slides using 5.5 µl Mowiol solution per coverslip.  
 The following antibodies were used for IF at the indicated concentrations:, rabbit anti-PAR 
(Enzo, 1:1000), chicken anti-PAR (Abcam, 1:200), rabbit anti-PARP1 (46D11) (Cell Signalling, 1:500) 
mouse anti-MYOD (BD Bioscience, 1:250), mouse anti- myosin heavy chain (MHC) (DHSB, 1:10), 
mouse anti-H2A.X Phospho-ser 139 (Bio Legend, 1:1000), mouse anti-53BP1 (Upstate, 1:1000), mouse 
anti-H3K4me3 (Abcam, 1:1000), anti H3K9me2 (abcam, 1:500), rabbit anti-TopoII (abcam, 1:1000). 
Secondary antibodies: Alexa 488 goat anti-mouse (Thermo Fisher Scientific, 1:500), Cy3 goat anti-
rabbit (Jackson Immunoreasearch, 1:250), Alexa488 goat anti-chicken (Jackson Immunoreasearch, 
1:250). 
 
Quantitative image-based cytometry (QIBC) 
Automated multichannel wild-field microscopy for quantitative image-based cytometry was performed 
with the Olympus ScanR as previously described (Michelena et al., 2018). For each sample, at least1500 
cells (were acquired using the UPLSAPO 20x objective (NA 0.9). For pre-extraction experiments a 
minimum of 100 cells was acquired. Every image was taken under non-saturating conditions and the 
same settings were used for all coverslips within the same experiment. The images were then analysed 
using the Olympus ScanR Image Analysis Software version 3.0.1, quantifying the mean fluorescence 
intensities within the nuclear masks. Using GraphPad Prism 8.0, the quantification of the mean 
fluorescence intensity was plotted as arbitrary units in violin plots and the signals for every event was 
normalized over the mean of the control/untreated, which was arbitrary set to 30. Each experiment was 
performed between 3 and 5 times and a representative graph from one experiment is shown. The Y-axes 
of all violin blots are depicted as log10 scales. For each experiment, representative pictures were chosen, 
where each channel was adjusted for brightness and contrast to the same settings. For statistical analysis, 
the normalized mean fluorescence intensity of 3 to 5 independent experiments were compared using a 
ratio-paired student t-test with *, p<0.05; **, p <0.005; ***, p < 0.0005.  
 
Confocal microscopy 
Confocal images were acquired on an automated CLSM – Leica SP8 upright confocal laser scanning 
microscope, equipped with 4 solid state diode lasers (405, 488, 552 and 638 nm), using an HCX PL 
APO CS2 63x immersion oil objective. For all images, brightness and contrast were adjusted using FIJI. 
For all images within one experiment, the same acquisition and image processing settings were used. 
 
RNA extraction and quantitative PCR (qPCR) 
RNA extraction was performed with the NucleoSpin RNA II kit (Macherey-Nagel) according to the 
supplier’s protocol. RNA was quantified with a NanoDrop and reverse-transcribed using the High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems) according to the supplier’s protocol. 
Relative transcription levels were determined by normalizing to RPS27. qPCR was performed with 
KAPA SYBR FAST qPCR Kit (KAPA Biosystems) on a Rotor-Gene Qsystem (QIAGEN). Samples 
were run in duplicates and results are depicted as relative fold changes. All primers sequences are 
provided. For statistical analysis, 3 to 5 independent experiments were compared using a ratio-paired 
student t-test with *, p<0.05; **, p <0.005; ***, p < 0.0005. 
 
RNA sequencing and bioinformatic analysis 
Library preparation 
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The quality of the isolated RNA was determined using a Fragment Analyzer (Agilent, Santa Clara, 
California, USA). Only those samples with a 260 nm/280 nm ratio between 1.8–2.1 and a 28S/18S ratio 
within 1.5–2 were further processed. The TruSeq Stranded mRNA (Illumina, Inc, California, USA) was 
used in the succeeding steps. Briefly, total RNA samples (100-1000 ng) were poly A enriched and then 
reverse-transcribed into double-stranded cDNA. The cDNA samples were fragmented, end-repaired and 
adenylated before ligation of TruSeq adapters containing unique dual indices (UDI) for multiplexing. 
Fragments containing TruSeq adapters on both ends were selectively enriched with PCR.  The quality 
and quantity of the enriched libraries were validated using the Fragment Analyzer (Agilent, Santa Clara, 
California, USA). The product is a smear with an average fragment size of approximately 260 bp. The 
libraries were normalized to 10nM in Tris-Cl 10 mM, pH8.5 with 0.1% Tween 20. 
 
Cluster Generation and Sequencing 
The Novaseq 6000 (Illumina, Inc, California, USA) was used for cluster generation and sequencing 
according to standard protocol.  Sequencing were paired end at 2 X150 bp or single end 100 bp 
 
Analysis 
FastQC (Andrews) algorithm was used to check the quality of our fastq files and to identify the adaptor 
contamination and low quality regions of the reads. Subsequently, cutadapt  algorithm was used to 
remove contaminations and low quality ends of the reads. STAR algorithm (Dobin et al., 2013) was 
used to align the RNASeq reads to hg38 human genome assembly. The gene transfer format (GTF) file 
of hg38 assembly was also obtained from UCSC database. Genome index was created using genome 
Generate function of STAR. Subsequently STAR align algorithm was implemented using fastq files 
generated by the sequencing. HTSeq algorithm (Anders et al., 2015) was used to profile expression 
counts from the binary format files that were created by STAR i.e. BAM files having alignment 
information and the HTSeq outputs in general text form were directed into a sperate folder. Two different 
R packages were used for expression profiling analysis. DESeq2 (Love et al., 2014) was used to detect 
differential expression in our RNASeq data. The other package used was edgeR (Robinson et al., 2010), 
which uses trimmed mean of M-values, (TMM) to normalize expression data. EstimateDisp function of 
edgeR was used to control false discovery rate. To plot gene expression data along the respective 
chromosomes we used karyoploteR (Gel and Serra, 2017) package together with homemade R script 
wrapper. GO terms enrichment analyses and bar plots of enrichments were performed using R packages 
and homemade R scripts. BiomaRT (Durinck et al., 2005) package was used to import entrez IDs of 
differentially expressed genes in different libraries of our RNASeq experiments and used clusterProfiler 
(Yu et al., 2012) package for the enrichment analyses. We extensively used ggplot2 (Wickham, 2009) 
package to generate high-quality plots with more details, as it provides more functionality for plot 
generation. Homemade scripts in R, unix bash and python together with R packages were used to process 
expression profile outputs of DESeq2. The tables and various plots including heatmaps were generated 
with homemade scripts and sometimes using available R packages like ComplexHeatmap (Gu et al., 
2016), cluster (https://cran.r-project.org/web/packages/RColorBrewer/index.html.), circlize (Gu et al., 
2014) and RColorBrewer (https://svn.r-project.org/R-packages/trunk/cluster). 
 
Chromatin Immunoprecipitation sequencing 
The analysis was performed as previously described (Dall'Agnese et al., 2019). 
 
Hi-C  
Library preparation 
Hi-C experiments were performed as previously described (Rao et al., 2014) with some modifications 
(Vidal et al., 2018). Briefly, after cross-link with 1% formaldehyde and quenching with glycine (125 
mM final), cell pellets were incubated in 3C lysis Buffer (10 mM Tris-HCl pH=8, 10 mM NaCl, 0.2% 
NP40, 1X anti-protease cocktail) for 30 minutes on ice, then were centrifuged for 5 minutes at 3,000 
rpm and resuspended in 190 uL of NEBuffer2 1X  (New England Biolabs – NEB). 10 µL of 10% SDS 
were added and cells were incubated for 10 minutes at 65ºC. After addition of Triton X-100 and 15 
minutes incubation at 37ºC, nuclei were centrifuged 5 minutes at 3,000 rpm and resuspended in 300 uL 
of NEBuffer2 1X and digestion was performed overnight using 400 U MboI restriction enzyme (NEB). 
After filling-in the generated ends with biotinylated-dATP (1.5 µL of 10 mM dCTP; 1.5 µL of 10 mM 
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dGTP; 1.5 µL of 10 mM dTTP; 37.5 µL of 0.4 mM Biotin-dATP; 50U of DNA Polymerase I Large 
(Klenow) fragment in 300 µL NEBuffer2 1X; 45 minutes at 37ºC), ligation was performed 4 hours at 
16°C using 10,000 cohesive end units of T4 DNA ligase (NEB). After reversion of the cross-link, DNA 
was purified and sonicated to using a Bioruptor Pico (Diagenode; 8 cycles; 20s on and 60s off). 
Biotinylated DNA was pulled down and End-repair, A-tailing and Illumina adaptors ligation steps were 
performed on beads. Hi-C libraries were sequenced on a NextSeq500. 
  
Data processing 
Hi-C data were processed using an in-house pipeline based on TADbit (Serra et al., 2017). Reads were 
mapped according to a fragment-based strategy: each side of the sequenced read was mapped in full 
length to the reference genome Human Dec. 2013 (GRCh38/hg38). TADbit filtering module was used 
to remove non-informative contacts and to create contact matrices as previously described (Serra et al., 
2017). PCR duplicates were removed, and the Hi-C filters applied corresponded to potential non-
digested fragments (extra-dandling ends), non-ligated fragments (dandling-ends), self-circles and 
random breaks. Contact matrices were normalized for sequencing depth and genomic biases using OneD 
(Vidal et al., 2018). A and B chromatin compartment analysis was performed at 100KB resolution as 
previously described (Lieberman-Aiden et al., 2009, Serra et al., 2017). PCA were performed using the 
eigenvalues obtained for all autosomes in the different samples. A/B compartments analysis has been 
performed at 100 Kb resolution 
 
Chromatin fractionation 
Chromatin fractionation was performed as in (Dalcher et al., 2020). Briefly, after trypsinization, 2 Mio 
IMR90 cells were washed with PBS and resuspended in chromatin fractionation buffer (10 mM Hepes 
pH 7.6, 150 mM NaCl, 3 mM MgCl2, 0.5% Triton X‐100, 1 mM DTT, with addition of fresh 
cOmplete™ Protease Inhibitor Cocktail (Roche)). Incubation of cells for 30 min at room temperature 
was followed by Chromatin precipitation via centrifugation. Both total and chromatin fractions were 
further treated with MNase (S7 Micrococcal nuclease, Roche). Samples were then incubated in 1× 
Laemmli buffer (10% glycerol, 10 mM Tris pH 6.8, 2% SDS, 0.1 mg/ml bromphenolblue, 2% β‐
mercaptoethanol) at 95°C for 5 min and further processed by Western Blot. 
 
Western blot 
For western blot analysis, proteins were separated via SDS-page on a 10% SDS-polyacrylamide gel at 
120V. A wet-transfer into a PVDF membrane was performed at 30 V over-night and membranes were 
blocked with 5% milk in TBS-T for 1h at RT. Primary antibodies were diluted in 1 % milk in TBST and 
incubated at 4°C over-night. After 3 washes, the secondary antibody, diluted in TBST, was incubated 
for 1h at RT. After another 3 washes, specific proteins/bands were visualized with the Odyssey infrared 
imaging system (LI-COR).  
The following primary and secondary antibodies were used for western blot analysis at the indicated 
concentrations: mouse anti-ARTD1 (Santa-Cruz, 1:2000), rabbit anti-H3 (Abcam, 1:5000), mouse anti-
tubulin (Sigma 1:10000), IRDye 800CW goat anti-rabbit IgG (1:15,000, LI-COR, P/N 925-32211), 
and IRDye 680RD Goat anti-Mouse IgG (1:15,000, LI-COR, P/N 925-68070). 
 
Template image for graphical abstract and schemes from www.BioRender.com 
 
 
 
 
 
 
 
 
 
 
 
 



16 
 

REAGENTS LIST 

Reagent Source Identifier Cat. N. 
Antibodies 
anti-MyoD antibody BD-Bioscience 554130;  

RRID:AB_395255 
anti-PAR antibody Enzo ALX-210-890A-0100 
anti-PAR antibody Abcam ab14460;  

RRID:AB_301240 
anti-H3 antibody Abcam ab1791;  

RRID:AB_302613 
anti-tubulin antibody Sigma T6199;  

RRID:AB_477583 
anti-ARTD1 antibody for WB Santa-Cruz sc-53643;  

RRID:AB_785086 
anti-ARTD1 (46D11) antibody for IF Cell signalling 9532s;  

RRID:AB_659884 
anti-Myosin heavy chain, sarcomere (MHC) 
 antibody  

DSHB MF20;  
RRID:AB_2147781 

anti-H2A.X Phospho (ser 139) BioLegend 613402;  
RRID:AB_315795 

anti-53BP1 Upstate MAB3802;  
RRID:AB_2206767 

anti-H3K4me3 Abcam ab6000;  
RRID:AB_2118290 

anti-H3K9me2 Abcam ab1220;  
RRID:AB_449854 

anti-TopoII Abcam ab58442;  
RRID:AB_883147 

Alexa488 goat anti-mouse ThermoFisher A11029;  
RRID:AB_2534088 

Cy3 goat anti-rabbit Jackson immunoresearch 111-165-144;  
RRID:AB_2338006 

Alexa488 goat anti-chicken Jackson immunoresearch 103-545-155;  
RRID:AB_2337390 

IRDye 800CW goat anti-rabbit IgG Li-COR 925-32211;  
RRID:AB_2651127 

IRDye 680RD Goat anti-Mouse IgG Li-COR 925-68070;  
RRID:AB_2651128 

Chemicals 
Dulbecco’s modified Eagle’s medium 
(DMEM) 

ThermoFisher 61965-026 

Minimum essemtial medium (MEM) ThermoFisher 1109508 
Penicillin-streptomycin ThermoFisher 15140-122 
Fetal bovin serum  ThermoFisher  
Horse serum ThermoFisher 26050070 
ITS ThermoFisher 51500056 
Sodium pyruvate ThermoFisher 11360070 
Non-essential amino acids ThermoFisher 11140035 
OptiMEM ThermoFisher 31985-047 
Puromycin Sigma Aldrich R8875-5G 
Doxycycline ThermoFisher D9891-1G 
Rucaparib Adooq A14182 
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PRIMERS SEQUENCE 
 

Primer name Sequence 
hMyogenin fw AGGTTGTGGGCATCTGTAGG 
hMyogenin rv CTCTCACAGCGCCTCCTG 
hMCK fw TGCACCTGTTCTACTTCGGA 
hMCK rv CACCCCAAGTTCGAGGAGAT 
hMyoD fw CGGAACTGCTACGAAGGC 
hMyoD rv TCCACGATGCTGGACAGG 
hRPS27 fw GTGAAATGCCCAGGATGCTATA 
hRPS27 rv TGTAGGCTGGCAGAGGACAGT 
hARTD1 fw TCTTTGATGTGGAAAGTATGAAGAA 
hARTD1 rv GGCATCTTCTGAAGGTCGAT 

 
SiRNA LIST 
 

siRNA name Source Identifier N. 
siARTD1 Qiagen SI02662996 

 
 
 
 
 
 
 
 

Olaparib Selleckchem S1060 
Niraparib Adooq A11026 
Methyl Methanesulfonate Sigma Aldrich  129925-25G 
Hydrogen peroxide solution Sigma Aldrich H1009-100ml 
Dapi BioLegend 422801 
Bovine serum albumin Sigma Aldrich A9418 
Formaldehyde Sigma Aldrich 47608 
Mowiol 4.88 Calbiochem 475904 
Triton-X Sigma Aldrich T8787-100ml 
cOmplete™ Protease Inhibitor Cocktail Roche 11836170001 
S7 Micrococcal nuclease Roche 10107921001 
Critical Commercial Assays 
Lipofectamine RNAiMAX ThermoFisher 13778-150 
MultiScribe Reverse Transcriptase ThermoFisher 4311235 
KAPA Biosystems Sybr Fast qPCR Kit Roche KK4600 
Experimental Models: Cell Lines 
IMR90, human (female origin) Corriell Institute I90 
HEK 293T, human ATCC CRL3216 
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