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MacroH2A1.1 is the least investigated and least understood histone variant. It always provoked
lot of discussion as it was found to bind NAD+-derived metabolites in vitro. Having observed
dominant expression of macroH2A1.1, a structural component of chromatin, in highly
metabolic skeletal muscle tissue, we hypothesised that macroH2A1.1 could allow chromatin to
respond to local metabolic environment changes via its metabolite binding-pocket. Here we
discuss our data on macroH2A1l splicing during myogenic differentiation, the role of
macroH2A1.1 and its metabolite-binding capacity in myoblast fusion and myotube maturation.
We further put our finding that macroH2A1.1 regulates myoblasts’ metabolic properties and
muscle fiber type profile in mice into the context of previous knowledge and discuss its possible
relevance for the whole body health state. As further detailed below, we believe that our results
encourage the idea that macroH2A1.1 could be one of the long sought mechanisms allowing
chromatin to adapt to its metabolic environment ultimately defining an adapted cellular

phenotype.

MacroH2A1 splicing switch accompanies physiological
myogenic differentiation and results in dominant macroH2A1.1
expression in mature myotubes and muscles

MacroH2A1 splicing switch where macroH2A1.2 gets completely exchanged with time during
differentiation for the metabolite-binding macroH2A1.1 characterizes physiological myogenic
differentiation process (Fig. 43.). The fact that macroH2A1.1 correlates with terminally
differentiated cells supports the finding that macroH2A1.1 conversely correlates with cell
proliferation as reported for cancer cell lines (Novikov et al., 2011). Also the fact that terminally
differentiated skeletal muscles contain only post-mitotical nuclei and express only
macroH2A1.1 establishes macroH2A1.1 as a part of cell cycle exit signature. Also looking at
macroH2A1.1 protein levels in healthy and aRMS cells - cancer cells of myogenic origin -
macroH2A1.1 shows clearly higher expression in healthy than in aRMS cells. Interestingly, the
aRMS cell lines Rh30 and Rh4 showed impaired or delayed macroH2A1 splicing switch.
Moreover, Rh30 cells known to be more metastatic, contain more macroH2A41.2 than Rh4 cells
and actually never completely downregulate macroH2A1.2 upon differentiation, providing
another piece of evidence that macroH2A1.2 might act pro-cancerous as previously suggested
by others (Dardenne et al., 2012; Sporn et al., 2009) or at least favour proliferation as reported
by Novikov et al. (Novikov et al., 2011). However, we cannot state this with certainty for
myoblasts as we have not assessed proliferation. Nevertheless, the “overly” expressed
macroH2A1.2 upon differentiation in the presented model of Rh30 metastatic aRMS resembles
other studies on metastatic cancer models (Dardenne et al., 2012; Sporn et al., 2009). Rh30 lack
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macroH2A2 which might be a coincidence as many cell types do not express macroH2A2, but
is interesting to point out as macroH2A2 was shown to be a tumour-suppressor (Kapoor et al.,
2010). This leaves the possibility that in the case of Rh30 cells, lack of macroH2A2 and
incomplete macroH2A 1 switch contribute to metastatic properties of these cells. During mouse
myoblast differentiation, both total macroH2A1 and macroH2A2 levels decreased slightly until
the end of differentiation. In the case of macroH2A1, this reduction is a consequence of the
drastic drop of macroH2A1.2. Even though the functional significance of the total macroH2A
pool decrease upon differentiation remains poorly demonstrated, one argument could be that
terminally differentiated nuclei just do not need to sustain similar high amounts as proliferating
cells. This might be due to the fact that they do not need to extensively reorganize their genome
as most of it was already silenced (probably through many other mechanisms of epigenetic
regulations) and therefore need less macroH2A which could otherwise render their genes
inactive, but responsive to defined signal induction (Buschbeck et al., 2009; Gamble et al.,
2010; Ouararhni et al., 2006). In contrast to mouse myoblast, our results on human primary
myoblasts showed that the total macroH2A1 transcript pool remained constant during
differentiation and also macroH2A4A2 mRNA levels did not drop. Whether the macroH2A mRNA
levels correspond to protein levels still remains to be investigated. Additional distinction
between mouse and human cells was observed when ratio of macroH2Al isoforms was
analyzed in proliferation. While mouse proliferating myoblasts contain 3-4-times more mRNA
of macroH2A1.2 than macroH2A1.1, in human cells the levels of macroH2A1.2 are only
approximately 1.5-fold higher than macroH2A41.1. Whether this reflects distinct epigenetic set-
ups in these two species or whether it implies any metabolic differences, so far we can only
speculate, as protein levels have not been compared between mouse and human cells and no
functional studies have been performed.

How exactly the splicing switch of macroH2A1 is regulated is not fully understood, but we have
been able to add the splicing factor RBFox2 to the list of regulators of macroH2A1.1 levels. We
also showed that macroH2A1.2 is positively regulated in myoblasts by Ddx5 and Ddx17
splicing factors, just as previously reported in a breast cancer model (Dardenne et al., 2012).
How the genome localization of the two splicing isoforms is organized and reorganized during
differentiation is not fully understood. Nevertheless, our ChIP-seq analyses provided first data
on macroH2A1.2 and macroH2A1.1 genome-wide distribution in proliferating and
differentiated C2C12 myoblasts, contributing in that way to the understanding of epigenetic
landscape remodelling upon myogenic differentiation (Asp et al., 2011; Vethantham et al.,
2012) We suggest that the two macroH2A1 isoforms during differentiation exchange at their

genomic loci of enrichment, as no drastic differences were seen when the genome distribution
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was analysed. What might change extensively upon isoforms switch on the chromatin is the
local macroH2A1.1- or macroH2A1.2-associated environment. Distinct factors might associate
specifically with each isoform and modulate chromatin structure and gene expression in
differentiation-dependent manner. Specific macroH2A1.2 and macroH2A1.1 effects on gene
behaviour in myoblasts and myotubes nuclei still need to be further investigated just as our
ChIP-seq data need to be crossed with other existing ChIP-seq profiles in order to better

understand the contribution of macroH2A1 in the context of chromatin to myogenic

differentiation.
human and mouse cells aRMS
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H2AFY 7~
NM2o-am @ ° . : o .
H2AFY2 — 2(OO)-CD . . . ? .
B | a

Figure 43. MacroH2As in myogenic differentiation. The size of the bubble represents the
expression. Questionmark means not assessed. In the case of aRMS cell lines, the grey dots
represent Rh30 cell line behaviour, while the black dots represent both Rh30 and Rh4 cell line.

MacroH2A1/MacroH2A 1.1-deficieny destabilizes the myogenic
differentiation gene program

MacroH2A1 KO mice were found to have no overt developmental phenotypes (Changolkar et
al., 2007), but rather metabolic defects as for example a 50% incidence of spontaneous liver
steatosis in females (Boulard et al., 2010). That these mice would develop without any bigger
developmental defect was not expected and how this happens is not completely clear. From
analysis of macroH2A in cancer, stem cells and somatic reprogramming, we can conclude that a
major function of these histone variants is to maintain the differentiated state stable. Hence, it
will be interesting to test how mice develop in stressed conditions. In adult mice, we could show
by cardiotoxin-induced muscle regeneration that macroH2A1 KO mice, even though they can
regenerate their muscles, suffer from failing to form full-sized fibers. This late fusion defect was
confirmed also when primary macroH2A1 KO myoblasts were differentiated in culture. Primary
KO myotubes contained lower number of myonuclei per myotube and had smaller diameters.
Smaller myotube diameter can be attributed to lower fusion rate, but also decreased protein

synthesis as myotubes grow both by myonuclei accretion and protein synthesis (Sandri, 2008).
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Also C2C12 myoblasts showed impaired fusion when macroH2A1.1 was depleted. Several
dozen reports on macroH2A since its discovery indeed support the statement that macroH2A is
necessary for proper differentiation and development. In contrary, macroH2A1.2-depleted
myoblasts form very nice and mature myotubes. Apparently myoblasts and myotubes represent
different cell types that have different epigenetic requirements. Possibly in the cell types where
both isoforms are present their relative ratio defines the degree of differentiation and
proliferative drive (Dardenne et al., 2012; Novikov et al., 2011). Cells of early developmental
stage as human and mouse ES cells, induced pluripotent stem (iPS) cells, and zebrafish embryos
exhibited impaired differentiation when any of the macroH2A proteins was removed (Barrero et
al., 2013b; Buschbeck et al., 2009; Creppe et al., 2012; Pasque et al., 2012). Importantly, in
these models macroH2A1.1 levels were almost undetectable and macroH2A1.2 and
macroH2A2, the only macroH2A proteins present, were responsible for the described pro-
differentiation functions. Therefore, the timing of the appearance or increment of the different
macroH2A1 isoforms expression probably adjusts the isoforms function as pro-differentiation
factors, as studies done so far imply that models of adult cells depend on macroH2A1 isoforms
ratio but early developmental stages cells do not, exemplified by the fact that macroH2A is
virtually absent in the zygote (Nashun et al., 2010). Finally, all this does not explain nor support
the fact that macroH2A1 KO mice demonstrate normal development. One of the explanations is
that in mouse utero development is more robust and less sensitive to environmental fluctuations
that could impact on macroH2A1-containing chromatin. Another possibility is that macroH2A1
KO mice were not extensively enough studied to identify more subtle developmental
phenotypes. As further detailed below, we could indeed identify alterations when performing a
more profound characterization of muscle tissues. Another explanation is that diminishing two
isoforms of opposite functions might balance the KO phenotype. It is also possible that mice, as
mammals tend to have more complex epigenetic mechanisms with many layers of gene
regulation, can buffer to a certain degree the loss of one epigenetic mechanism. This would be
consistent with a previous studies done in Zebrafish where upon deletion of macroH2A?2 as the
only developmentally expressed macroH2A protein, the animals though they exhibited multiple
developmental defects, contained all organs (Buschbeck et al., 2009). Taken together that
macroH2A-deficient zebrafish develop complete with all its organs and that mice have only
very subtle phenotypes affirm that macroH2A histone variants are epigenetic modulators and
not master regulators. Or in other words said, macroH2A histone variants seem not to be crucial
for cell fate decision-making, but rather the proper execution of a specific

differentiation/developmental gene expression profile.
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Knock-down of macroH2A1.1 in differentiating myoblasts led to the deregulation of around
800 genes. That this was not a mere consequence of delay in differentiation but a real
deregulation was shown by the direction of the deregulation of the genes upon macroH2A1.1
knock-down. Genes were shown to be upregulated or downregulated upon differentiation, but
after the knock-down exhibited really diverse regulation. This goes in line with previously
reported macroH2A-deficiency effects where improper differentiation of mouse ES cells,
human iPS cells or teratomas was observed upon macroH2A 1-depletion (Barrero et al., 2013b;
Creppe et al.,, 2012). In total, macroH2A proteins are accepted as stabilizers of more
differentiated states due to all the pro-differentiation evidence collected but also because of
reprogramming facilitation upon macroH2A removal (Barrero et al., 2013a; Pasque et al., 2011;
Pasque et al., 2012). We did not observe reduced proliferation capacity in primary KO cells nor
in mice during muscle regeneration (as the KO mice muscles did not appear smaller), as
opposed to other studies where removal of specific macroH2A induced proliferation capacity
changes. MacroH2A1.2-deficiency would imply decreased proliferative capacity if relying on
previous studies on macroH2A1.2 in cancer (Dardenne et al., 2012; Novikov et al., 2011; Sporn
et al,, 2009), or increased proliferation as observed in human primary keratinocytes or
melanoma cells (Creppe et al., 2012; Kapoor et al., 2010), but none of this was observed. As the
total H2AFY gene KO eliminates both macroH2A1.2 and macroH2A1.1, the KO cells could
have been relying on other compensatory mechanisms to stabilize their cell fates during
development or as already mentioned, the simultaneous loss of two isoforms with opposing
functions might balance the phenotype. It is conceivable that lack of macroH2A1.1 could act in
favour of proliferation and would therefore counterbalance the depletion of macroH2A1.2.

We have observed no defect in the commitment of primary KO cells to differentiation, which is
comparable to studies on ES cells where induction of differentiation genes was detected upon
differentiation in macroH2A1-deficient cells, but it was less efficient as compared to control
cells (Barrero et al., 2013b; Creppe et al., 2012). When macroH2A1.1-depleted C2C12 cells
were differentiated, they all committed as witnessed by various differentiation markers tested,
but showed obvious fusion defects as a late differentiation phenotype. This is another piece of
evidence that macroH2A1/macroH2A1.1 contribute to the execution of an adequate gene
expression program possibly by stabilizing the underlying chromatin structure but that its
absence does not abrogate cell fate transitions per se. Nevertheless, it could represent a risk
factor for altered chromatin function as genome-wide studies showed that in muscle main
osteogenic and adipogenic factors bear active chromatin marks like H3K4me2/3 (Asp et al.,
2011). Large-scale gene expression analysis of macroH2Al.l1-depleted C2C12 myotubes

demonstrated that many genes involved in adhesion, cell motility and extracellular structures are
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affected. Since these processes are crucial for fusion, we argue that the genes regulated by
macroH2A1.1 and detected in our large-scale expression analysis could be responsible for the
observed fusion defect. Other previously reported such as //4, Tmem8c, Cdhl5 (M-cad) and
Nfatc2 (Simionescu and Pavlath, 2011) were not affected. Notably, macroH2A1.1 does not act
just specifically on myoblast/myotube related genes, but as a matter of fact on genes involved in
proper functions of different cell types. Additionally, macroH2A1.1 and macroH2A1.2 drive
expression of Tmem171 and Cdhrl genes in contrary directions. The control of genes involved
in cell motility, adhesion and extracellular matrix regulated by the two macroH2A1 isoforms in
an opposing manner might be even more important in the context of cancer and metastasis and
could provide another explanation for the differential functions attributed to both isoforms in

cancer.

MacroH2A1 isoforms exhibit specific regulation on muscle mass
homeostasis genes

The other aspect that appears different in myoblasts and myotubes is the metabolic environment
and their intrinsic preference for metabolic pathways. Intriguingly, macroH2A1.2 can be found
in highly proliferative cells such as pluripotent cells or cancer cells that rely on aerobic
glycolysis (Creppe et al., 2012; Dardenne et al., 2012; Novikov et al., 2011; Sporn and Jung,
2012), but also in proliferating myoblasts; as opposed to macroH2A1.1 found in more
differentiated or terminally differentiated cells and myotubes. Muscle mass control and the
metabolic properties of the muscle are intimately related (Sandri, 2008; Sandri et al., 2006;
Schiaffino and Reggiani, 2011). We have defined a set of muscle mass and metabolism
homeostasis-related genes to be affected by macroH2A1.1 knock-down. These include the Mstn
gene, that encodes the myokine myostatin and whose upregulation could even be seen in
proliferating myoblasts, and also the genes Fist, Igf-1, Igf-2, Pdgfr, Slc2a4 and Fst/l. Increased
myostatin levels have been reported to reduce muscle mass albeit to different extents (Durieux
et al., 2007; McFarlane et al., 2006; Reisz-Porszasz et al., 2003; Zimmers et al., 2002).
MacroH2A1.1-depleted cells exhibit increased Mstn expression and a mild reduction of Fist,
which encodes follistatin, the inhibitor of myostatin. Whether the phenotype could partly be
explained by the follistatin — myostatin axis, which participates in both fusion and hypertrophy,
would need to be addressed. Also, we have not explored the expression of activin receptors nor
their activation upon myostatin binding in macroH2A1.1 knock-down cells. Therefore at this
point it is hard to argue that Mstn expression changes are the main or major cause of the
observed phenotype. Moreover, both [lgf-] and Igf-2 are deregulated in the absence of

macroH2A1.1 but in opposite directions. Igf-1 and Igf-2 positively control muscle mass but by
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acting on distinct processes. While Igf-1 acts on protein synthesis and myonuclei number, Igf-2
seems to promote differentiation of primary myoblasts (reviewed in Philippou et al., 2007).
Whether the deregulation of Igf expression seen in our studies makes sense in the light of the
phenotype observed remains to be further investigated: cells commit well to myogenic
differentiation which might be due to Igf-2 increase but fail to form bigger and more mature
myotubes, maybe as a consequence of /gf~/ reduction. Igf-1 can inhibit atrogenes expression
(Sacheck et al., 2004), but we could not detect any change in the expression of the two atrogens
encoded by the Trim63 and Fbxo32 genes. While addition of Igf-1 downregulates 7Trim63 and
Fbxo32 mRNA synthesis, the downregulation of Igf-1 might have no evident effect. Still, our
current dataset does not provide enough evidence to give support neither to the Igf-1 and Igf-2
axis in control of macroH2A1.1-deficient myotubes fusion and size. Nevertheless, one could
argue that all the deregulated genes involved in muscle mass homeostasis contribute
synergistically to the phenotype of macroH2A1.1-depleted cells.

Some of these genes involved in muscle mass were likewise detected deregulated upon
macroH2A 1.2 depletion, such as Fst and Igf-2. Interestingly, in macroH2A 1.2 knock-down cells
Fst was upregulated, which could have provoked decreased myostatin action in those myotubes.
Whether the Mstn signalling was really diminished in these cells, we cannot assert as myostatin
— activin receptors signalling pathway activation remains to be tested. Yet, more explanation of
increased myotubes size could be explained by the upregulation of Myh4 fiber type gene coding
for hypertrophy-submissive fibers (Schiaffino and Reggiani, 2011), and upregulation of some
fusion factors tested — TmemS8c, Nfatc2, Cdhl5. In total, genes deregulation pointed toward
possibility of myotube increment, which could explain the observed tendency of macroH2A1.2-
deficient myoblasts to form larger myotubes. Tmeml71 and Cdhrl, as already mentioned, are
both downregulated upon macroH2A1l.1 knock-down but upregulated upon macroH2A1.2
knock-down. These data point out that genes regulated equally or similarly by both macroH2A1
isoforms might depend just on the macro domain generally, no matter if it can or does bind
metabolites or not. Conversely, other genes, such as Tmemli71, Cdhrl, Igf, Fst and Mstn
evidently depend on different macro domains and one could argue that they depend on
macroH2A1.1, especially those related to metabolic functions of muscle. Still, in our rescue
experiments in C2C12 cells we could observe equally successful rescue using wild type or
G224E mutant, which resembles macroH2A1.2 in the sense that it cannot bind metabolites of
macroH2A1.1. Though at first sight the rescue experiments argue against uniqueness of
metabolite-binding macroH2A1.1 isoform function, the real question that has never been
addressed is whether the metabolites were really bound or present in those conditions. In order

to ensure metabolite accessibility, one could modulate NAD+ levels through nutrients
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availability/starvation to activate sirtuins (Canto et al., 2009) and change therefore ADPr and
OAADPr concentrations. If in this experimental set-up any change between the wild type and
mutant macroH2A1.1 would be observed, this would give first strong support to the
physiological role of macroH2A 1.1 metabolite binding pocket.

Interestingly, Mstn was the only upregulated gene (by macroH2A1.1 knock-down) that was
robustly rescued by the introduction of rescue transgenes. Although our gene expression
analysis showed that macroH2A1.1 represses half of the genes, while the other half gets induced
by macroH2A1.1 removal, the upregulation was greater than the downregulation of the genes.
And though we cannot assure which of the targets are directly influenced by macroH2A1.1 and
which not, we do propose that macroH2A1.1 removal acts bi-modally: removal of
macroH2A1.1 alters chromatin structure locally and globally altering therefore genes
expression. Possibly the right localization of macroH2A1.1 in the chromatin upon the rescue
requires more time and energy and is not that easily established. Also, as macroH2A was shown
to present just one layer of repressiveness (Nesterova et al., 2002), removing it might induce
more broad chromatin alterations that are harder or impossible to erase. This might happen for
pure steric reasons. The genes that are controlled by macroH2Al.1 incorporation in the
chromatin might exhibit this “hard-to-rescue” pattern. On the contrary, gene expression changes
early after re-introduction of macroH2A1.1 in the nucleus might reflect incorporation-dependent
regulation via local metabolite-binding of macroH2A1.1. This implies that rather the macro
domain and not the histone fold are involved in the regulation. For this recue experiments using
transgenes separating macro domain and histone fold would provide further insight. The way
we conduct experiments, enough time is most likely provided for gene expression changes to
occur as a consequence of chromatin rearrangement as we let cells to be rescued during 3-4
days. Nevertheless, why we could detect very few upregulated genes rescued requires further
analysis.

Inhibition of myostatin has proven to immensely boost muscle mass increase in many animal
models and even in humans (Schuelke et al., 2004). We did not observe substantial changes of
myotubes size when macroH2A1.1 was overexpressed, but this might be because the Msn
downregulation was not strong enough or simply because it is harder to observe these changes
in a time-limited cell culture setting. Also, another function described for myostatin is
regulating insulin signalling in mice liver (Hittel et al., 2010). The possibility that macroH2A 1
and myostatin form a pathway that is conserved in different insulin-responsive tissues is

intriguing and seeks for more research.
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Metabolite-binding macroH2A1.1-dependent functions revealed
in myotubes using the binding pocket mutant G224E

When primary KO myoblasts were rescued with transgenes encoding either wild-type
macroH2A1.1 or the G224E point mutant unable to bind metabolites in vitro, a difference could
be observed between the two conditions. MacroH2A1.1-rescued myotubes looked well formed
and mature and only very few cells could be detected on the plate that did not fuse. Control
infected KO myoblasts exhibited a fusion defect where only nascent but no mature myotubes
myotubes could be detected. This indicates that indeed macroH2A1.1 is necessary for
completion of proper myogenic differentiation. G224E mutant-rescued myotubes looked
differently than the control or the macroH2Al.1-rescued cells. Though there were mature
myotubes detected, not all cells successfully fused and grew as the wild type macroH2A1.1-
rescued myotubes. This observation provides first evidence that the metabolite binding-capacity
of macroH2A1.1 contributes to the formation of proper myotubes. How metabolite-binding
could exert such an influence on fusion, it is not clear.

It remains a big speculation whether metabolite binding pocket can sense the metabolic
environment and can directly make the cells respond adequately to nutrients available and
metabolic needs. At the present it is further poor speculation that such a function could enable
full development of myotubes.

The increase in macroH2A1.1 upregulation and the even more pronounced reduction in
macroH2A1.2 expression become evident in myogenic differentiation right after the serum
withdrawal and can be understood as a response to the consequential change in metabolism.
That changes of metabolism occur with changes in cell fate is widely accepted. For example the
Warburg effect is characteristic of cancer and pluripotent cells (Vander Heiden et al., 2009) and
the redox state was shown to influence myoblasts differentiation (Fulco et al., 2003). In favour
of the metabolic distinction of proliferating myoblasts and differentiated myotubes goes also our
LC/MS-MS profile of relevant metabolites. ADPr, which macroH2A1.1 can bind, heavily drops
with differentiation. As ADPr is rapidly formed from sirtuin side-product OAADPr, our data
supports the previous that sirtuin expression and activity decrease with differentiation (Fulco et
al., 2003). The same authors also showed that if sirtuins are downregulated when myoblasts
were simulataneously starved, fusion of the myoblasts improved (Fulco et al., 2008). This
would imply that the best fusion would be observed when least ADPr is present, which in turn
would limit the fraction of macroH2A1l.1 macro domain that could be bound to ADPr.
However, our preliminary observation in rescue experiments with the G224E mutant in primary
KO myoblasts suggest at least a partial involvement. New tools and additional experiments will

be needed to sort out the molecular details.
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MacroH2A1.1 regulates fiber type genes and metabolic
characteristics of C2C12 cells

MacroH2A1.1 is most dominantly expressed in fully formed myotubes and muscles. One of the
initial observations in the knock-down and rescue experiments performed in C2C12 cells was
that levels of macroH2A1.1 correlated with a change in medium color indicative of extracellular
acidification. To better understand this metabolic alteration became the focus of our interest. We
investigated in details how macroH2A1.1-depleted cells react on glucose addition after a period
of starvation. By measuring the acidification rate, we uncovered reduced glycolytic flexibility in
macroH2A1.1-depleted cells. After a period of starvation, cells will try to utilize glucose with a
maximal rate to compensate quickly for the possible NAD+/NADH ratio changes and the drop
in ATP levels. In the knock-down cells this does not happen suggesting that macroH2A 1.1 will
enable the cells to maximally use glycolysis as energy replenishing path. Interestingly, in our
analysis of substrate utilization preferences of macroH2A1.1-depleted cells we observed that
these cells preferentially use glucose as energy source. Though at first sight contradictory, it
makes sense. If the cells are inefficient in production of energy and balancing the redox state
through glycolysis, they might actually try to increase the glucose transport into the cells as a
feed-back mechanisms to compensate for the inefficient glycolysis. And truly, in our gene
expression analysis we find the Slc2a4 gene encoding the Glut4 transporter of the glucose 1,6-
fold upregulated in the macroH2A1.1 knock-down cells. Indeed, Glut4 mRNA has been shown
to be upregulated in muscles of fasted animals (Canto et al., 2010). We could find more simple
carbohydrates to be preferentially used by macroH2Al.1-depleted cells, as for example
mannose and maltose. Maltose is a disaccharide composed of two units of glucose and is has
been suggested that it provokes a similar metabolic effect as glucose (Young and Weser, 1971),
but at the same time provides twice as much energy when metabolized. Pazienza et al. report
that liver cancer cells augment insulin-dependent glucose uptake after macroH2A1.1
overexpression, but not after macroH2A1.2 overexpression (Pazienza et al.,, 2014).
MacroH2A1.1-overexpressing liver cells could favour glucose conversion into glycogen which
is an accepted mechanism to keep glucose stores for other tissues (Zhang et al., 2014), while
switching to other sources like fatty acids for energy production. Pazienza and colleagues
suggest that macroH2A1.1-overexpressing cells act protective by modulating their metabolism
(Pazienza et al., 2014). The issue in the paper by Pazienza et al. arrises because HepG2
macroH2A1.2-overexpressing cells show comparable glycogen synthesis to macroH2Al.1-
overexpressing cells, even though macroH2A1.2-overexpressing cells did not show increased
glucose uptake. Interestingly, in the Hepal-6 cell line tested, the authors show upregulation of

genes involved in glucose utilization upon macroH2A1.2 overexpression and downregulation in
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the case of macroH2A1.1 overexpression (Pazienza et al., 2014). These discrepancies could
have occurred as cell line-specific events.

Next to Slc2a4/Glut4, we found also other relevant genes — Ppary (1,32-fold), Fabp3
(approximately 3-fold), Pdk4 (1,2-fold as measured by qRT-PCR) — to be upregulated by
macroH2A1.1 knock-down. All these genes were positively regulated upon macroH2A1.2
overexpression and addition of exogenous fatty acids (FAs) as reported by Pazienza et al. While
Fabp3 should facilitate transport of fatty acids to mitochondria for their oxidation, Pdk4 should
save the pyruvate from getting converted to acetyl-CoA in periods of energy stress. Substrate
switching from glucose to fatty acids is normal after fed-to-fasted transition and is normally
found in muscle when energy-deprived, as for example after prolonged exercise (Zhang et al.,
2014). The reverse switch is also a physiological event after feeding when insulin stimulates
muscle to dispose majority of glucose (Kelley and Mandarino, 2000). Nonetheless, in obese and
type 2 diabetes (T2D) patients this fails to happen and moreover, Kim et al. have shown that
prolonged infusion of fat in rats can lead to acute insulin resistance (Kim et al., 2006b). CD36, a
fatty acid transporter with a main role in muscle, activates fatty acid flux during starvation,
which correlates with decreased insulin concentrations and AKT signalling, leading to enhanced
fatty acid utilization (Nahle et al., 2008). Interestingly, the independent analysis by two labs of
livers from macroH2A1 KO mice showed upregulated CD36 levels (Boulard et al., 2010;
Changolkar et al., 2007). Furthermore, we found genes encoding components of the AKT
signalling pathway to be downregulated in macroH2A1.1-deprived C2C12 cells. Altogether, we
can argue that macroH2A1.1-depleted cells seem to feel energy-deprived due to limited glucose
availability, as a consequence of impaired glycolytic flexibility. This fake “starvation situation”
they then try to compensate by upregulating the genes involved in fatty acids utilization. The
fact that we observed glucose and other carbohydrates to be preferentially utilized by
macroH2A1.1 knock-down cells can be a misleading piece of data as we just tested simple
sugars, amino acids and di-peptides.

We also provide evidence that the maximal respiratory capacity of the knock-down cells is
compromised in the knock-down cells. Our experiments showed that macroH2A1.1-depleted
committed myoblasts show declined maximal respiratory capacity when mitochondria were
uncoupled using FCCP. Nonetheless, basal respiration levels were essentially equal pointing out
that if the cells experience no energy stress demands, they will do fine. But if any energy stress
is induced, the macroH2A1.1 knock-down cells will perform worse. Seeing the compromised
mitochondrial respiratory capacity and also increased Fabp3 levels, we decided to check how
the knock-down cells oxidize fatty acids. FAs feed into the TCA cycle when oxidized, which

can be monitored through oxygen consumption. Upon starvation free FAs get mobilized from
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triglycerides (Dole, 1956; Fredrickson and Gordon, 1958; Gordon and Cherkes, 1956) and
uncouple mitochondria of the starved cells causing increase in oxygen consumption not due to
FA oxidation (Divakaruni and Brand, 2011). If the cells are starved, but exogenous FAs are
added, the exogenous FAs will preferentially be metabolized over endogenous free FAs. Our
experiment consisted of starving the macroH2A1.1-depleted cells in order to prime them for FA
oxidation. Our data confirmed previously seen compromised mitochondrial respiratory capacity.
Oxidation of both endogenous or egoxenous FAs was reduced in macroH2A1.1-depleted cells.
Even though the knock-down cells, just as the control cell, rely on exogenous FAs if energy
stressed, they show lower rates of oxygen consumption. Fabp3 was our top upregulated target,
but fatty acids mobilization is a separate process from oxidation by the mitochondria. Carnitine
palmitoyltransferase I (Cptlb isoform in the muscle) initiates the priming of exogenous FAs for
oxidation. We observed almost neglectable increase of Cpt/b expression upon macroH2Al.1
knock-down (though the correct way would be to check the Cptlb behaviour upon the
exogenous FAs addition), while Pazienza ef al. observed increased CP72 and decreased CPTla
levels upon exogenous FA administration in macroH2A1.2-overexpressing cells. When we
checked oxygen consumption due to uncoupling by free FAs, we could again observe a
decrease. The knock-down cells in all conditions (plus or minus exogenous FAs, plus and minus
Cptl inhibitor etoxomir) exhibited diminished ATP production, which is consistent with our

starvation hypothesis.

Can fiber type shift in macroH2A1 KO muscles be a cause of
systemic metabolic defects?

Analyzing our large-scale gene expression array, we found fiber type genes to be deregulated.
Myh7, Myh7b, Myh2, Myhl, Myh4 and Myh8 were all differentially expressed upon the
macroH2A1.1 knock-down. We found this extremely important considering that myosin heavy
chain genes encode key structural proteins of fiber types that define the function of muscles
(Schiaffino and Reggiani, 2011), but also define muscle fiber metabolism which can profoundly
impact other tissues and whole body health through glucose tolerance and insulin sensitivity
(Daugaard et al., 2000; Henriksen et al., 1990; Lillioja et al., 1987; Song et al., 1999). We found
that the fiber types genes downregulated were those of the extremes: coding for the most
oxidative and the most glycolytic fiber type; Myh7, Myh7b, and Myh4. Conversely, Myh2 and
Myhl genes were upregulated. These genes code for fast fiber types, Ila and IIx, that exhibit
higher oxidative potential than type IIb fibers but lower than type I fibers (Schiaffino, 2010).

Importantly, our analysis on metabolic properties of macroH2A1.1-depleted cells correlates
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with these expression data as indeed these cells suffer from decreased glycolytic flexibility and
impaired mitochondrial respiration capacity.

The type I fibers play important role in insulin resistance and the onset of T2D (DeFronzo and
Tripathy, 2009), in addition to regulating fat accumulation and mobilization. Type IIb fibers are
great glucose consumers and are prone to undergo hypertrophy or atrophy, depending on
nutrient availability, hormonal control and physical activity. In order to test whether we observe
only a fiber type encoding genes switch in culture or whether this alterations could be linked to
metabolic changes in adult mice, we analyzed muscle tissue composition of macroH2A1 KO
mice. MacroH2A1 KO mice so far have been shown to exhibit mild metabolic defects such as
liver steatosis in females (Boulard et al., 2010) and worsen glucose clearance in male
macroH2A1 KO mice (Changolkar et al., 2007), but in both macroH2A1 KO models the
metabolic phenotypes have been correlated with deregulated genes implicated in lipid
metabolism in the liver, such as already mentioned CD36, Lp! and Serpina7. In one case the
steatosis was correlated with Serpina7 upregulation and its effect on increased lipid metabolism,
while in the other increased Lp/ and CD36 liver levels were claimed to be responsible for only
scarce worsening of glucose clearance in male macroH2A1 KO mice. Although both studies
provide correlations, a possible insight into regulation mechanism has been proposed just by
Boulard et al. since they show that macroH2A1 was enriched on the Serpina7 promoter
specifically in females. In the case of Serpina7, it is possible that the gene expression alteration
observed arises as a consequence of macroH2A1 removal and consequential alterations in
chromatin structure. Yet, for other genes it is not clear whether they might be deregulated as a
consequence of rebutting the possible energy stress. It is widely accepted that muscle is
responsible for majority of glucose cleared under insulin control (Schiaffino and Reggiani,
2011) and improper muscle functions have been implicated in many pathological states such as
T2D and obesity. Neither of the studies commented anything on the muscles in the macroH2A 1
KO mice. We describe for the first time a metabolic change in muscles of macroH2A1 KO
mice. We investigated several muscles and could show that the fiber type profile in soleus and
tibialis muscles is altered in macroH2A1 KO mice. Importantly, we did not observe
unidirectional change of the fiber profile. We observed that in the fast muscle tibialis the
glycolytic fibers change towards the oxidative and slower fiber type. In soleus the most
oxidative fiber type I changes into less oxidative and faster fibers Ila. This is important as type I
fibers are more active in glucose disposal, burn more energy daily and can utilize fat as fuel
source after prolonged period of starvation (Schiaffino and Reggiani, 2011). Type I fibers
positively correlate with insulin sensitivity and glucose tolerance (Daugaard et al., 2000;

Henriksen et al., 1990; Lillioja et al., 1987; Song et al., 1999). Whether these muscle alterations
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can explain the metabolic phenotype of macroH2A1 KO mice needs more proof. A
comprehensive study like metabolic profiling using metabolic cages could provide further
insight into metabolic alterations in the macroH2A1 KO mice. The KO mice could also be fed
high fat diet (HFD). We anticipate that they might exhibit insulin sensitivity changes. As
already in not-challenged conditions 50% of the macroH2A1 KO female mice suffer from liver
steatosis, one can hypothesise that the ectopic fat accumulation could get more extreme upon
HFD. It is interesting that in one macroH2A1 KO mice study male mice, shown to have more
type II fibers (Welle et al., 2008), exhibit slight glucose disposal issue, while females, who
should be better in utilizing fat by muscles, exhibit liver steatosis in the second study.
Additionally, exercise experiments could give evidence on whether these mice, due to fiber type
profile changes, exhibit altered physical competence and whether they also suffer from impaired
ATP production, like the very pronounced phenotype of compromised ATP production in
C2C12 cells depleted of macroH2A1.1.

This analysis of the fiber profiles indeed goes in line with our initial finding on macroH2A1.1
depletion-induced fiber type genes changes. We can affirm that the specific fibers do not just
change their oxidative and glycolytic properties but that indeed the fiber type profile changes
since we could show the differences in the KO muscles using specific fiber type antibodies. In
summary, what the macroH2A1 KO mice have are mediocre muscles: less oxidative or not as
glycolytic as they should be. Additionally, the importance of myostatin in insulin resistance and
T2D was also recognized (Hittel et al., 2010; Palsgaard et al., 2009). Whether there could be
any correlation between the metabolic defects of macroH2A1 KO and possible plasma or
muscle myostatin levels, is not clear.

And while for humans fiber type I is extremely important, one should take care when applying
the same logics to mice. Mice have very few muscles with type I fibers, but have many with
type IIb and type IIX. Therefore the changes we see in soleus could represent minority of the
metabolic changes induced as opposed to the loss of type IIb fibers, which could have a more
profound impact on the metabolism of these mice. We could not corroborate type IIx alterations
in the KO muscles as we did not test specific antibody against it. Nevertheless, we could
observe type Ila fibers improper increased occurrence in both soleus and tibialis. We also did
not test the regenerated muscles fiber type profile but it would be interesting to see whether it
gets even more impaired or the muscles manage to maintain at least approximately normal fiber

type distribution.

Finally, we propose that macroH2A1.1 fine-tunes myoblasts/myotubes/muscles properties by

priming them for the right metabolic responsiveness (Fig. 44).
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Figure 44. Hypothetical working model for metabolite-sensing macroH2A1.1 function in
determining metabolic profile of a cell. MacroH2A1.1, upon incorporation into chromatin
could bind to locally available ADPr or OAADPr. Through this binding macroH2A1.1 could
sense the local environment and adequately regulate metabolic gene expression and define the
metabolic profile of the cell. Other players possibly assisting in this metabolite sensing-
dependent regulation of gene expression are still unknown.
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FUTURE DIRECTIONS

While we have gained important new insight in macroH2A function in particular in the context
of muscle, our results have allowed us to define new questions and hypotheses. Here I would
like to suggest possible future directions that could be taken to further advance this exciting
project.

1. To profound our knowledge on macroH2A1 KO phenotype using physiology methods
such as use calorimetry to study whole metabolism. To challenge mice with different
diets sich as high fat diet and to observe macroH2Al-dependent changes in fat
metabolism such as ectopic fat accumulation. To use starvation and re-feeding protocols
and acute exercise to study how KO mice can deal with energy stressed situations

2. In culture perform additional rescue studies comparing wild-type and pocket mutant
transgenes in the context of changing metabolite concentrations to further clarify the
contribution of the macroH2A 1.1 binding pocket

3. Perform rescue experiment using macrol.l domain stand alone transgene to see
whether macroH2A1.1 depletion-induced changes depend on locus-specific chromatin
incorporation and direct gene regulation or as a consequence of global nuclear
metabolite binding

4. Perform rescue studies using macroH2A1.2 to determine whether macroH2A1.2
behaves like a loss-of-function of macroH2A1.1 in terms of metabolite-binding.

5. Determine whether altering the expression of macroH2A1 isoforms in aRMS cell lines
improves their limited capacity to exit cell cycle and to differentiate. Whether
macroH2A1 could serve in gene therapy of rhabdomyosarcoma, is still far fetched, but
worth trying as thabdomyosarcoma tend to be very devastating tumours with the worst
outcome for the young patients.

6. To test bioenergetical potential of macroH2A1.2-deficient cells. We would argue that
these cells would not exhibit the same metabolic defects, as macroH2A1.2 does not
bind NAD+-derived metabolites. If macroH2A1.2 binds something else and some other

relevant metabolites, remains a mystery, just as for macroH2A2.
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SUMMARY OF RESULTS

In our study we aimed to elucidate the physiological function of metabolite-binding
macroH2A1.1, an isoform of the histone variant macroH2A1 generated by alternative splicing.
After identifying skeletal muscle as the tissue expressing highest levels of the isoform, we have
focused our studies on myogenic differentiation and muscle-related functions. By analysing
mouse and human myoblasts-derived immortal cell lines as well as primary muscle precursor

cells and tissues from macroH2A 1-deficient mice, we came to the following conclusions:

1. MacroH2A1 isoforms switch during myogenic differentiation. The non-metabolite
binding isoform macroH2A1.2 is predominantly expressed in proliferating myoblasts
and the metabolite-binding macroH2A1.1 in myotubes.

2. This physiological process is impaired in soft tissue cancer cells of myoblast origin.

3. During late differentiation macroH2A1.1 is required for proper fusion and myotube
maturation. This process is only partially dependent on the integrity of the metabolite-
binding pocket.

4. In vivo this is reflected by a reduced regeneration capacity in macroH2A1-deficient
mice.

5. MacroH2A1.1 and macroH2A1.2 diverge in gene regulation. In myotubes
macroH2A1.1 is required for proper activation of genes involved in adhesion, motility
and Akt signalling, while macroH2A1.2 represses genes promoting fusion.

6. A subset of genes is shared by both macroH2A1 isoforms and includes muscle growth-
related genes.

7. Loss of macroH2Al.1 alters the bioenergetic and metabolic properties of committed
myoblasts.

8. Loss of macroH2A1.1 alters the relative expression of myosin heavy chain encoding
genes that in muscle are markers of fiber types with different metabolic capacities. This
change correlates with a change in the fiber type composition of muscles in
macroH2 A 1-deficient mice.

9. MacroH2A1 KO mice show obvious fiber type profile shift, which might explain their
metabolic phenotype.
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ABBREVIATIONS
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5mC = 5-methylcytosine

Acadm = medium chain acyl-CoA dehydrogenase, mitochondrial

Acetyl-CoA = acetyl Coenzyme A
AceCS2 = acetyl-CoA synthase 2
ActRIIB = activin receptor 1IB

ADP = adenine diphosphate

ADPr = ADP-ribose

AMP = adenine monophosphate
AMPK = AMP-activated protein kinase
APLF = Aprataxin-PNK-like factor
AR = androgen receptor

aRMS = alveolar rhabdomyosarcoma
Ash2L = Setl/Ash2 methyl transferase
ATP = adenine triphosphate

Atp9a = probable phospholipid-transporting ATPase [1A

BDNF = bran derived neurotrophic factors
cADP = cyclic ADP

CELF1 = CUG triplet repeat binding protein 1

CD36 =fatty acid translocase

Cdh15 = cadherin 15

Cdhrl = cadherin related family member 1
CDKS = cyclin-dependent kinase 8

ChIP = chromatin immunoprecipitation

ChIP-seq = ChIP coupled to parallel massive sequencing

c-MET = hepatocyte growth factor receptor
Cox Vb = cytochrome c oxidase subunit Vb

Cptla, b = carnitine palmitoyltransferase 1a,b

Cpt2 = carnitine palmitoyltransferase 2
CSA = cross-sectional area

Cycs = cytochrome ¢, somatic

Days P.1. = days post-injury

Ddx5/17 = dead box protein 5/17

DM = differentiation medium

DM1 = myotonic dystrophy 1

DNMT1 = DNA methyl transferase 1
DNMT3a = DNA methyl transferase 3a
DNMT?3b = DNA methyl transferase 3b
ECAR = extracellular acidification rate
eMHC = embryonic myosin heavy chain
ES cells = embryonic stem cells

Esrra = estrogen-related receptor a
ETC = electron transport chain

Eto = Etomoxir, Cptl inhibitor

Ezh2 = enhancer of zeste homolog 2
FAs = fatty acids

Fabp3 = fatty acid-binding protein 3
FAD = flavin adenine dinucleotide
Fbx032 = f-box only protein 32

FFA = free fatty acids

FGFR4 = fibroblast growth factor receptor 4
FOXO01/3 = forkhead box protein O1/3
Fst = follistatin

Fstll = follistatin-like 1
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GC = gastrocnemius

Glut4 = glucose transporter type 4

GM = growth medium

GO = Gene Ontology

GOA = GO Annotation

GST = glycolytic stress test

GST = Glutathione S-transferase

GTPbp4 = nucleolar GTP-binding protein 1

HAT = histone acetyltransferase

HDAC = histone deacetylase

HFD = histone fold domain

HKMT = histone lysine methyltransferases

HKDM = histone lysine demethylase

hn-RNP-L = heterogenous nuclear ribonucleoprotein L
IDH1 = isocitrate dehydrogenase 1

IDH2 = isocitrate dehydrogenase 2

IGF-1 = insulin-like growth factor 1

IGF-2 = insulin-like growth factor 2

I1-4 = interleukin-4

11-6 = interleukin-6

11-7 = interleukin-7

iPS cells = induced pluripotent stem cells

Itgall = integrin 11

JMIJ = Jumonji domain

KAT = histone acetyl transferase

KO = knock-out

LC-MS/MS = liquid chromatography coupled to tandem mass spectrometry
LDH = lactate dehydrogenase

Lpl = lipoprotein lipase

LSD1 = lysine-specific demethylase 1

LSD2 = = lysine-specific demethylase 2

mADPRRyl / PARyl = mono(ADPr) or PARylated protein
MBNL1 = muscleblind-like splicing regulator 1
MBNL?2 = muscleblind-like splicing regulator 2
MEF2 = myocyte enhancer factor-2

mH2A = macroH2A

MHC = myosin heavy chain

MRF4 = muscle-specific regulatory factor 4

Mstn = myostatin

MST = mitochondrial stress test

MT = myotubes

mTOR = mammalian target of rapamycin

Myf5 = myogenic factor 5

Myf 6 = myogenic factor 6

Myh = myosin heavy chain gene

MYOD/MYOD1 = myoblast determination protein (1)
Myog = myogenin

NA = nicotinic acid

NAD+ = Nicotinamide adenine dinucleotide

NADH = Nicotinamide adenine dinucleotide, reduced
NADP+ = Nicotinamide adenine dinucleotide phosphate
NADPH = Nicotinamide adenine dinucleotide phosphate, reduced
NAM = nicotinamide
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NAMN = nicotinic acid mononucleotide

NAMPT = NAM phosphoribosyltransferase

NFATc2 = nuclear factor of activated T-cells, cytoplasmic 2
NMN = nicotinamide mononucleotide

NMNAT = NMN adenyltransferase

NR = NAM riboside

OAADPr = O-acetyl-ADPr

OCR = oxygen consumption rate

O-GlcNac = B—N-acetylglucosamine

P38 MAPK = p38 mitogen-activated protein kinase

PAR = poly-ADPr

PARG = poly(ADP)-ribose glycohydrolase

PARP1 = poly(ADPr)-ribose polymerase 1

PARP2 = poly(ADPr)-ribose polymerase 2

PAX3 = paired box protein Pax3

PAX?7 = paired box protein Pax7

PDE = phosphodiesterase

Pdgfb = platelet-derived growth factor subunit 3

Pdgfr = platelet-derived growth factor receptor 3

Pdk4 = pyruvate dehydrogenase kinase, isoenzyme 4
PGCla = peroxisome proliferator-activator receptor y co-activator la
PI3K/AKT = phosphatidylinositol-4,5-biphosphate 3-kinase/Protein kinase B
PKM2 = pyruvate kinase M2

PRC1 = Polycomb Repressive Complex 1

PRC2 = Polycomb Repressive Complex 2

PRMT = protein arginine N-methyltransferase

PTB = polypyrimidine tract-binding protein 1

PTM = posttranslational modification

Q = quadriceps

Qki = protein quaking

gRT-PCR = quantitative PCR after reverse transcription
RbFox1= RNA binding protein fox-1 homolog 1

RbFox2 = RNA binding protein fox-1 homolog 2

RC = respiratory chain

RFLP = restriction fragment length polymorphism

RMS = rhabdomysoarcoma

ROS = reactive oxygen species

SAH = S-adenosylhomcysteine

SAM = S-adenosylmethionine

SC = satellite ells

SDH = succinate dehydrogenase

Serpina7 = serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin), member 7
SIRT1 = sirtuin 1

Slc2a4 = solute carrier family 2, facilitated glucose transporter member 4
Sucnrl = succinate receptor 1

Tbg = thyroid hormone-binding protein

TGFp = transforming growth factor 3

Thrsp = thyroid hormone responsive SPOT14 homolog gene
Tmem8c = protein Tmem8c (myomaker)

Trp = tryptophan

Trx = trithorax protein

TES = transcription end site
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TSS = transcription start site

UDP-GlIcNac = uridine diphosphate-GlcNac
T, TA = tibialis anterior

T2D = type 2 diabetes

TCA cycle = tricarboxylic acid cycle

TDCS = two distinct columns strategy

Tdh = threonine dehydrogenase

TET = ten-eleven translocation protein
Tmem171 = transmembrane protein 171
Trim63 = E3 ubiquitin-protein ligase Trim63
Vegfa = vascular endothelial growth factor A
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Mice and MacroH2A1 KO generation

As mice colony was maintained in Lyon, France, all the experiments on mice were approved by
CREA Rhone-Alpes (France) committee. Mice were housed in cages standardly with littermates
of the same sex. A 12 hours light-dark cycle was maintained and the animals were fed standard
rodent chow diet (SAFE #A04-10 and SAFE #A03-10 for breeders; Perotech Sciences Inc.,
Toronto, ON, Canada).

To generate macroH2A1 knock-out (KO) mouse, exon 2 of the H2afy gene was replaced with
the neomycin resistance cassette by homologous recombination in the E14.1 ES cells originated
from 129/0la strain. After the homologous recombinants were confirmed, two distinct ES
clones baring one mutated allele were injected into the C57BI/6 blastocyst and later transferred
into pseudopregnant females. Of them, one clone resulted in having high-level chimeras and
transmitting the mutation to further generations after crosses into C57B1/6 strain (Boulard et al.,

2010).

Cardiotoxin-induced muscle regeneration in vivo

Approximately 2 months old WT and macroH2A1 KO littermates, both females and males,
were operated in order to inject cardiotoxin (Latoxan) into the muscles quadriceps,
gastrocnemius and tibialis anterior of both hindlimbs. In details, mice were sedated with
intraperitoneal injection of ketamine (50 mg/kg) and medetomidine (1 mg/kg) (both products
provided by the PRBB Animal Facility, Barcelona). After they fell asleep, their legs were
shawed, disinfected with Betadine (MEDA Pharma), a minimal cut on the skin was made and
50 pl of cardiotoxin of concentration 10° M (0,08 mg/kg) were injected per muscle per leg. 2-3
stitches were made at the place of the cut and mice were woken up by injection of Atipamezol
(2 mg/kg, provided by the PRBB Animal Facility, Barcelona) intraperitonealy. During the
whole procedure the animals were placed on an electrical blanket to keep their body

temperature constant.

Cell culture and isolation of primary myoblasts

C2C12 mybolasts were obtained from Monica Suelves. The cells were grown in DMEM
(Gibco) containing 20% FBS (Invitrogen) and 1% Penicillin-Streptomycin (Gibco) (GM,
growth medium). Primary myoblasts were maintained in Ham’s F10 (Gibco) medium
complemented with 20% FBS (Invitrogen), 10 ng/ml of bFGF (Invitrogen), 0,1% Fungizone
(Invitrogen), Penicillin-Streptomycin. For primary myoblasts maintenance, cell culture plates

were coated with Rat tail collagen I (BD Biosciences) for 2h at 37°C and afterwards washed
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twice with PBS. For differentiation, cell culture plates were Matrigel treated (BD Biosciences)
for 1h at 37°C and washed with Ham’s F10 medium. Differentiation medium (DM) for all cell
cultures was DMEM supplemented with 2% Horse serum (Gibco) and Penicillin-Streptomycin.
To induce differentiation, cells were washed once with PBS and DM was added. When time-
course experiments were performed, fresh DM was added every 2 days. GP2 cells used for
retroviral production were grown in DMEM containing 10% FBS and Penicillin-Streptomycin.

To isolate primary myoblasts, legs from WT and macroH2A1 KO mice were processed. All
steps were performed at room temperature, except for the Pronase incubation (see below). All
muscles from all limbs of a mouse were taken and fat and connective tissue were cleaned off.
The muscles were cut in very small pieces and incubated with 1% Pronase (Calbiochem) and 25
mM Hepes of pH 7 for 1h at 37°C in a water bath while shaking. After the incubation Pronase
was removed by pelleting the digested muscle pieces and resuspending them in the medium
containing serum. Digested muscle pieces were additionally disrupted by passing them through
pipette and finally filtered through Steriflip Vacuum-driven filters (Milipore). The filtrate was
spinned for 10° at 1400g and in the meantime Percoll (GE Healthcare), that has been put to
shaking previously, gradient was prepared as followed: in a 15 ml falcon 1,5 ml of 60% Percoll
was overlayed slowly and carefully with 11,5 ml of 20% Percoll. Correctly prepared gradient
enables to visualise the border between the two different Percoll concentrations. Filtered and
spinned cells were resuspended in fresh medium containing Penicillin-Streptomycin and
without FBS. The resuspended cells were loaded onto the Percoll gradient and everything was
spinned at 2000 x g for 25° without break. After centrifugation, a specific cloud of cells visible
at the border of the two Percoll concentrations containing isolated primary myoblasts was
collected and put in a separate 50 ml tube. PBS was filled in to wash off the Percoll by
centrifugation at 900 x g for 15 min. Supernatant was removed, cells were resuspended in fresh
growth medium and counted. Primary myoblasts are recognizable for their very round
morphology and brightness. Cells were seeded onto corresponding collagen-coated plates and

passaged as needed.

Table 3. Percoll Solutions Preparations

Percoll Percoll PBS 10X 90% Percoll DMEM+P/S Ham’s

Concentration Solution Solution F10+P/S
90% 9 ml 1 ml

60% 3.3 ml 1.7 ml

20% 6.6 ml 23.4 ml
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Figure 45. Schematic explanation of mouse primary myoblasts isolation.

Human primary myoblasts were kindly provided by Monica Suelves. Two primary cell lines,
13A and E3 were maintained in growth medium: DMEM (Biowhittaker), containing 10% FBS
(Hyclone), 15 ng/ml of bFGF (Invitrogen), 10 ng/ml EGF and 1% insulin 1 mg/ml (Sigma-
Aldrich) were added. Cells were grown on 0,1% gelatin (Sigma-Aldrich) coated plates. To wash
the cells prior trypsinization, Hank’s Balanced Salt Solution (HBSS, Gibco) was used. In order
to differentiate the cells, they were seeded at high confluency and the medium was changes for
DM (2% HS) containing 1% insulin 1 mg/ml (Sigma-Aldrich) the day after.

Alveolar rhabdomyosarcoma cell lines Rh30 and Rh4were kindly provided by Oscar Martinez
Tirado, and were cultured at lower confluence in DMEM and RMPI (Gibco) medium
supplemented with 10% FBS. For differentiation, the same DM as for mouse myoblasts was
used.

Mouse embryonic stem (ES) cells were maintained in minimal medium supplemented with 10%
of FBS (Hyclone), Penicillin-Streptomycin., 1% non-essential amino acids, 1% sodium
pyruvate, 1% glutamax (all Gibco) and 0,2% p-mercaptoethanol, and grown on 0,1% gelatin
coated plates. Leukemia inhibitory factor was produced in house from a plasmid and used a

concetration of 1000u/ml to keep the cells self-renewing.

Antibody-containing hibridoma supernatant production

Both MF20 and F1.652 hibridoma cells were obtained from Pura Mufioz-Canoves,

originally coming from Developmental Studies Hybridoma Bank.
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MF?20, anti-sarcomeric myosin heavy chain antibody production

Growth medium of MF20 hibridoma cells contained DMEM, 15% FBS, 1% Penicillin-
Streptomycin and 1% of Hypoxantine (Sigma-Aldrich) and 1% of Thymidine (Sigma-Aldrich).
Cells were grown in 20 ml containing suspension of growth medium in T-75 flasks, at the
density of 0,2 — 1 X 10° until enough cells were produced. To induce antibody production,
medium containing 2% FBS was used. Supernatant was collected 7-10 days after induction by
spinning the medium and filtering it through 0.45 mm filters (Milipore). After testing it in WB

and IHC or IF, the antibody-containing supernatant was aliquoted and stored at -80°C.
F1652, anti-embryonic myosin heavy chain antibody production

F1.652 hibridoma cells were grown in DMEM supplemented with 10% FBS, 1% Penicillin-
Streptomycin, 1% non-essential aminoacids (Gibco), L-glutamine (Gibco) and sodium-pyruvate
(Gibco), in suspension in T-75 flasks. When enough cells were produced, they were seeded at
the density of 0.8 — 1 X 10° and 2%FBS-containing medium was added to induce antibody
production. After 7-10 days, the medium was centrifuged and filtered and the supernatant was

tested by WB and IHC. Aliquots were stored at -80°C.

Anti-macroH2A 1 antibody purification

Bacterial culture was grown with 0,4 mM IPTG over night at 18 °C in order to induce protein
expression. The next day the bacteria were pelleted, lysed with lysis/wash buffer and lysozyme
(Sigma-Aldrich), incubated on ice and additionally sonicated. After sonication, 1% of Triton X-
100 was added and the lysate was incubated 20’ on ice. The GST-protein-containing lysate was
mixed with 500 ul of GSH-beads (Glutathione reduced beads, Amersham), previously blocked
with 1% BSA (Bovine serum albumin, Sigma-Aldrich), for 2 h at 4 °C on a rotating wheel.
Beads were then poured into a 2 ml column (Thermoscientific) and lysate was passed 3 times in
order to bind and retain GST-protein. Afterwards, the column was extensively washed (with
100 volumes) with the lysis/wash buffer containing 1% Triton X-100 and then with lysis/wash
buffer alone. Once this was done, the cross-linking of the GSH-beads and GST-protein was
perfomed. The GSH-beads bound to GST-protein first were taken out of the column, washed
twice with 200 mM tri-ethanolamine pH 8,2, and then the cross-linking was performed during
30’ using 20 mM di-methyl-pimelimidate (DMP, Sigma-Aldrich) in 200 mM tri-ethanolamine
(Sigma-Aldrich). Afterwards, the fraction of not cross-linked GST-potein was removed using
15 mM reduced GSH (Sigma-Aldrich). Serum originating from the rabbit immunized with
GST-macrol.2 fusion protein was centrifuged to remove debris, 0,05% Triton X-100 was added

and incubated with the beads 2 h in a tube on a rotating wheel and afterwards the serum was
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passed 3 additional time through the column to capture antibody on the the cross-linked GST-
protein on the beads. For column washing, TBST (10 mM Tris, 135 mM NacCl, 0,05% Triton X-
100) was used. In order to elute the bound antibody, 0,1 M glycine pH 2,5 was used. The
antibody was collected into tubes containing 100 ul of 1 M Tris pH 8. Anti-GST antibody was
purified out of the serum using GST-column. Five consecutive purifications were done using a
pump each time to ensure more capture by constant serum flow through the column. We then
proceeded to anti-macroH2A1.2 antibody purification. Importantly, this antibody recognizes
both macroH2A1.1 and macroH2A1.2 proteins, as they differ in only 30 amino acids and the
antibody was raised against the entire macro domain (more than 200 amino acids long). We
performed 4 consecutive purifications using GST-macrol.2-column and also assured over-night
flow through the column. The antibody was dyalyzed t PBS containing 20% glycerol (w/v,
Sigma-Aldrich).

Table 4. Buffers used for anti-macroH2A1 antibody purification

Buffer Composition

Lysis/wash | 50 mM Tris-HCI pH 8
10 mM EDTA

150 mM NacCl

1 mM Leupeptine

1 mM PMSF

TBS 10 mM Tris pH 7,5
135 mM NaCl

TBST TBS

0,05% Triton X-100

Plasmid constructs

Flag-tagged mouse macroH2A1.1 was cloned from C2C12 cells cDNA using specific oligos.
The sequence of the cloned Flag-macroH2A1.1 was verified using pCMV specific oligos and
the construct was cloned into pBabe puro backbone. The sequence was again verified using
pBabe specific oligos. The G224E pocket-binding mutant was cloned by Stratagene site-
directed mutagenesis starting from pCMYV or pBabe Flag-macroH2A1.1.

Flag-tagged human macroH2A1.2 was cloned previously as described in (Buschbeck et al.,

2009).

Transfection and retroviral infection
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8 million of GP2 cells were seeded 4h prior to transfection in a P10 plate in 8ml of complete
growth medium. When attached, the cells were transfected with 8 ug of desired retroviral
construct and 3.6 ug packaging plasmid using the calcium-phosphate precipitation technique.
Briefly, the plasmid DNA was mixed with 125 mM CaCl, and 1X HBS (2X HBS: 272 mM
NaCl, 2,8 mM Na,HPO,4, 55 mM HEPES; pH 7) in a total volume of 800 ul and when the
whitish precipitates formed, the mixture was put onto the cells. Transfection efficiency was
controlled checking the green signal of GFP-containing retroviral construct. This construct had
no puromycin resistance gene so it also served as a selection control. If the GFP signal was
present in more than 40-50% of the cells the day after transfection, 6ml of fresh medium was
put on cells and they were left 48 h to produce viral particles.

For retroviral infection of myoblasts, C2C12 myoblasts were seeded the day prior to infection
onto 6-well plates at the density of 10000 cells per well. 2 wells of a 6-well plate were infected
with the viral supernatant coming from a single P10 plate mixed with % of fresh medium and 8
ug/ml polybrene (Sigma-Aldrich).

Primary myoblasts were seeded 24-48 h prior to infection onto collagen-coated plates (10000
cells/well of a 6-well plate) or matrigel-treated plates (40000 cells/ well of a 6-well plate). The
day of the infection, viral supernatant was filtered (0.45 mm, Milipore) and mixed with fresh
medium as for C2C12 cells with the exception that polybrene was used at the concentration of
6pg/ml and that bFGF was adjusted to the total amount of virus-containing medium. C2C12
cells were centrifuged with added viral medium for 50’ at 1000 x g and 32°C. Primary
myoblasts were centrifuged 45” at 800 x g and 32°C. After centrifugation, plates were incubated
1,5h more in the incubator. After that, viral medium was replaced by fresh complete growth
medium. As the infection efficiency was high (as followed by high GFP signal — usually 70%
and more morning after infection), puromycin selection was always skipped for primary
myoblasts. Infected primary myoblasts were either seeded for proliferation tests or
differentiated directly on matrigel - treated plates adding DM when 70% confluency was
achieved.

Retroviral infections of mouse ES cells to induce the knock-down of macroH2A1 were
perfomed essentially as infections of myoblasts, with slight differences, as described earlier

(Creppe et al., 2012). Cells were selected using 2mg/ml puromycin.

siRNA transfections

siRNAs used were described in Dardenne et al. (Dardenne et al., 2012) and ordered from
Invitrogen. After verifying the knock-down effect and testing concentrations of siRNA to be

used, 10 nM of siRNA was chosen as the concentration of siRNA that knockes down
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satisfactorily and has no toxic effect on the cells. C2C12 myoblasts were counted and 25000
cells were seeded onto 6-well plates in 2ml of growth medium without antibiotics the day prior
to siRNA transfection. For a well of 6-well plate, 500ul of OptiMEM (Gibco) was mixed with
0,5 pl of 50 uM siRNA. Lipofectamine RNAIMAX Transfection Reagent (Invitrogen) was
added. After 20’ of siRNA-Lipofectamine RNAIMAX mixture incubation the cells were
transfected. The transfection mix was left on the cells for 24 h when GM was replaced for DM
(not containing antibiotics) together with new siRNA transfection mix in order to ensure the
knock-down effect during the whole course of myoblast differentiation. Fresh DM was added

again with siRNA transfection mix every 2 days.

RNA isolation from cells and muscles and cDNA synthesis

Total RNA from cells was isolated using Invitrogen PureLink™ RNA kit for RNA isolation. In
brief, cells, just collected and washed well with PBS or previously collected and stored as
pellets at -80°C, were resuspended in 300 or 600 pl Lysis buffer containing 1% b-
mercaptoethanol and passed through a sterile syringe 10 times. Equal volume of 70% ethanol
was added and the mixture was vortexed thoroughly. The solution was loaded onto the column
provided in the kit and RNA was bound onto the column by centrifugation at 12000 x g for 30”’
at room temperature. The RNA was sequentially washed with Wash buffer I and twice with
Wash buffer II containing ethanol, provided as well in the kit. Last spin was performed in order
to remove the ethanol possibly left on the column. Elution was done using RNase-free water
supplied in the kit. Elution volume was determined as a function of initial cell number used for
RNA extraction.

For extracting RNA from muscles, mortar in liquid nitrogen and pestle were used in order to
pulverize the muscle. From there, small part was separated for total DNA extraction, while the
rest of the sample was used to extract RNA using the kit mirVana miRNA Isolation kit
(Invitrogen), as it includes a Phenol/Chlorophorm extraction step that ensures a better
conservation of RNA and break down of cell components. To extract RNA from primary
myoblasts and primary myotubes PureLink RNA Mini kit was used, as it has smaller columns
more adequate for low cell number samples. DNase-treatment (Invitrogen) of the samples was
performed on the column after the first Wash I buffer wash. As recommended by the
manufacturer, DNase mix was prepared using 10 ul of DNase, 8 ul of 10X Reaction buffer and
62 ul DEPC-treated water. 80 pl of DNase mix were left on the column for 10’ and later on
additional Wash I buffer wash was performed. The protocol was continued as above described.

Concentration and quality of extracted RNA was checked on Nanodrop (Thermoscientific).
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Usually, 1 ug of RNA was used for cDNA synthesis using the First strand cDNA synthesis kit
(Fermentas), according to the manufacturer’s instructions. Shortly, 1 pg of RNA was mixed
with 1 pg of oligo(dT) and nuclease-free water until the volume of 11 ul. This was incubated 5’
at 65 °C in the thermocycler. 4 pul of 15X Reaction buffer, 1 ul of RiboLock RNase Inhibitor, 2
ul of ANTP mix and 2 ul of M-MMLYV Reverse Transcriptase were added to the RNA-oligo(dT)
mix and the entire mixture was incubated 1h additionally at 37 °C followed by a termination

heating at 72 °C for 5°.

Transcriptomics Analysis

C2C12 myoblasts were seeded and transfected with macroH2A1.1 siRNA as described above.
Cells were collected at day 4 of the differentiation, washed well with 1X PBS and stored as
pellets at -80°C. Experiment was repeated for more than 6 times. Once all the pellets were
collected, RNA was extracted at once and aliquots of RNA were made. A small aliquot was
used to transcribe the RNA into cDNA using the oligo(dT) (as above described) and the knock-
down of macroH2A1.1 was tested in all biological replicates. 4 experiments with most
successful macroH2A1.1 knock-down were selected, RNA was quantified and quality was
checked performing Eukaryote Total RNA Nano assay by our Genomics facility (run by Lauro
Sumoy, IMPPC). RNA was amplified and loaded onto the microarray slide Agilent SurePrint
G3 Mouse GE 8x60K Microarray. Bioinformatical analysis was performed by Roberto

Malinverni from the Marcus Buschbeck laboratory.

Data analysis and statistics

Bioinformatical analysis was mostly performed by Roberto Malinverni from the Buschbeck
laboratory. To detect the genes differentially expressed LIMMA was used (Smyth, 2004). The
differentially expressed genes were selected with a cut-off of a g-value of 0,05 calculated after
false discovery rate (FDR) correction. The Gene Ontology analysis was performed using R.
package “ChlPpeakAnno” (Zhu et al., 2010), using p-value of 0,01 like maximally significant,
and 30 like minGOterm (minimum count in a genome for a GO term to be included). A
Boferroni multiple hypothesis testing adjustment was finally applied to adjust the enrichment
result. REVIGO online software was used to summarize gene ontologies after initial Gene
Ontology analysis (Supek et al., 2011).

The reads obtained by ChIP-Seq for macroH2A1 and Input samples were cleaned based on the
quality and trimmed using Sickle (Joshi, 2011) and Cutadap (Martin, 2011), and aligned with
the mouse genome (NCBIM37/mm9) using Bowtie (Langmead et al., 2009) version 0.12.7.
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Two mismatches were allowed for the alignment within the seed and only reads mapping to a
single position in the genome were used. To detect genomic regions enriched for multiple
overlapping (broad peaks) SICER software version 1.4.1 was used (Zang et al., 2009). For
macroH2A1 peaks calling a p-value cut-off of 1 x 10-5 and a FDR of 5% were used, while
parameters of window and step were set on 1000 and 3000, respectively, as described in the
paper. Genes were considered target genes if a peak was found in the gene body or on the 5” at
distance of 3kb to TSS, or at 3’ at a distance fo 3kb to TES. The annotation of the peaks was
performed using ChIPpeakAnno package (Zhu et al., 2010). The enriched profile around gene
body was calculated using ngsplot version 2.0 (Shen et al., 2014).

Data were represented as mean + standard deviation. Student t-test or Wilcoxon test (as

indicated) were used to calculate statistical significance.

Semi-quantitative Reverse Transcriptase Polymerase Chain
Reaction analysis (QRT-PCR)

cDNA was used directly or diluted up to 10 times in order to perform the semi-quantitative RT-
PCR analysis. A mix containing 5 pl SybrGreen (Roche), 0,5 ul of forward and 0,5 pl of reverse
oligo (stock at 10 uM) and 2 pl of Milli Q water was mixed with 2 pl of cDNA in a well of 96-
well plate. Each sample was analyzed in duplicate. Milli Q water was used as the negative
control. Single product amplification was controlled doing the standard curve. Relative
expression was represented as concentration ratio of the gene of interest and average of 2
housekeeping genes. When analysing macroH2A1.1 and macroH2A1.2 relative expression, the
samples were normalized also by a reference sample containing equimolar ratios of amplicons
of macroH2A1.1 and macroH2A1.2. Oligo amplification efficiency and amplicon length were
taken into account when preparing the reference sample. In that way we could observe the direct
ratio of both splicing isoforms in a specific sample and on the same scale. The same was done
for macroH2A1 and macroH2A?2 relative expression.

Oligos for qRT-PCR were designed in order to span different exons so that by controlling the
size of the amplicon genomic DNA contaminations can be avoided. Previously published oligos
by us or other labs are also listed and the original publication is pointed out. All oligos were
ordered desiccated and resuspended for the stock to be at final concentration of 100 uM. For
gRT-PCR analysis, oligo stocks were at 10 uM and the final concentration in the SybrGreen
mix was 0,5 uM. All oligos were checked for single product amplification and efficiency doing

the standard curve and running the product on 1% agarose gel.
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Table S. QRT-PCR reaction conditions.

Reaction ' Temperature/°C Duration Cycles

Preincubation 95 8 1
Amplification 95 10’
60 20"’ 45
72 15>
Melting curve 95 15> 1
65 1’
96 endless
Cooling 40 30 1

Restriction Fragment Length Polymorphism (RFLP)

Restriction Fragment Length Polymorphism was used in order to qualitatively assess the
amount of macroH2A1 isoforms in different samples used. Essentially, cDNA obtained from
RNA was used directly to perform the PCR reaction using oligos specifically annealing on exon

5 and exon 8 of the macroH2A1I gene.

Table 6. RFLP Reaction mix.

Reagent Final quantity or
concentration/reaction

cDNA 25 ng

Oligo F 10 uM (exon 5) 0,1 uM

Oligo R 10 uM (exon 8) 0,1 uM

dNTPs (25 mM each) 250 mM

Reaction buffer 10X with 25 mM Mg 1X

HotMaster Taqg DNA Polymerase SPRIME 1,25U

(5 units/pl)

Once the PCR reaction was done, 20l of the product was taken and digested with 1 pul of Hpall
(Mspl, ThermoScientific) restriction enzyme in 1X Tango buffer (Fermentas) for 2 h at 37°C.
The digested product was run on 2% agarose gel (agarose, Condalab, dissolved in 1X TE) for
55’ at the speed of 90V.

146



Table 7. PCR reaction conditions.

Reaction Temperature/°C | Duration Cycles
Initial Melting 94 2’ 1
Melting 94 20

Oligo Annealing 60 10’ 35
Amplification 65 20’
Termination 65 5’ 1
Hold 16 endless 1

Proliferation assay

Primary myoblasts coming from WT and macroH2A1 KO mouse and from rescue experiments
were assayed for proliferation. 10000 cells per plate were seeded onto 6-well plates previously
coated with collagen in GM and left to grow for 72h. Fresh GM was added every 2 days. Cells
were counted at 24, 48 and 72 h with Scepter (Milipore) cell counter and the results are
represented as growth curves. 2 pairs of WT-KO female and 2 pairs of male primary myoblasts

were tested in 2 independent experiments for each WT-KO pair.

Immunohistochemistry and Fusion assays

100000 and 40000 cells of primary myoblast cultures were seeded either on Matrigel-coated 6-
well or 12-well plates, respectively, in GM that was replaced for DM the next day. Cells were
monitored, fixed in 3,7% formaldehyde (FA) (Sigma-Aldrich) at the point of terminal
differentiation or as stated elsewhere, washed well with 1XPBS and stained immediately or
stored at 4°C in 1X PBS containing 0,05% sodium-azide (Sigma-Aldrich). After fixation and
washing, cells were permeabilized with 0,3% Triton X-100-containing PBS for 15” at RT and
blocked with 100% FBS during 30’ at RT. Afterwards the cells were stained with eMHC
antibody (F1.652 neat hybridoma supernatant produced as stated above) and subsequently
washed in 0,2% Tween-containing PBS and stained with anti-mouse secondary antibody
coupled to Horse Radish Peroxidase (HRP) diluted in Tween-containing PBS diluted
(DakoCytomation). Diaminobenzidine substrate (DAB, Sigma-Aldrich) was dissolved in PBS
and 30% H,O, (Sigma-Aldrich) was added. The substrate mix was then added onto cells and
staining reaction was stopped after few minutes with distilled water. Photos of the cells were
taken with the Leica DMI6000B microscope (Leica) and differentiation and fusion index were
assessed. Differentiation index was represented as the ratio of nuclei in eMHC-positive cells

and total nuclei analysed. Fusion was checked and fusion index was determined for each
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experiment. In order to obtain the average number of nuclei per myotube, myonuclei were
counted in all myotubes. Approximately the same number of nuclei was counted in conditions
that were compared. Relative maximal diameter was measured using ImageJ program and
defining the maximal diameter as the widest part of the myotubes, measuring it perpendicularly
to the myotube axis.

C2C12 cells, seeded on 6-well plates at density of 150000 cells per well, were fixed at different
time points with 3,7% FA and afterwards washed well with 1X PBS. Staining was performed as
with primary myoblasts.

The details on antibodies and concentrations used are listed in the table X.

Table 8. List and composition of solutions used for Immunohistochemistry.

Buffer Composition

Permeabilization buffer | 0,3% Triton X-100 in 1X PBS
IHC Wash buffer 0,2% Tween (Sigma-Aldrich) in 1X PBS
DAB substrate buffer 0,67 mg/ml DAB

0,024% H,0,

Muscle histology, histochemistry and immunohistochemistry

Histology

Muscles of WT and macroH2A 1 KO mouse were collected at different time points, immediately
after the animals were sacrificed, snap-frozen in liquid nitrogen and stored at -80°C until use.
For Haematoxylin and Eosin (H&E) staining, transversal sections of muscles 10 uM thick were
prepared and stained to assess the general histology of the muscles during cardiotoxin-induced
muscle regeneration. Hematoxylin stain Gill’s 2 (Sigma-Aldrich) was used as manufacturer
advised. The 0,1% Eosin Y Phloxine B (Sigma-Aldrich) solution was used. The muscle sections
were stained 1’ in hematoxylin and then washed extensively with tap water until the water was
clear. Then, eosin staining of 5° was performed and afterwards the sections were rinsed in 75%
ethanol and twice in absolute ethanol. Finally, muscle sections were dehydrated passing twice

through absolute ethanol and cleared in xylene twice. Finally, the sections were mounted.

Table 9. List and composition of solutions necessary for H& Estaining.

Buffer Composition

Hematoxylin stain Gill’s 2 | purchased
0,1% Eosin Y Phloxine B | purchased; in acidified ethanol
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Histochemistry

For histochemical stainings muscles were cut and the staining were performed immediately,
without freezing the sections.

Succinate dehydrogenase (SDH) staining was performed on freshly cut snap-frozen muscles
samples. Essentially, muscle cuts of 10uM of both WT and macroH2A1 KO mouse were put on
the same glass slide to avoid staining difference between slides. The cuts were incubated in
Incubation solution of pH 7.2-7.6 containing Nitroblue tetrazolium (Sigma-Aldrich) for 1h in a
dark wet chamber at 37°C. After the incubation, cuts were washed quickly 4 times in distilled
water and afterwards passed through acetone of different concentrations (30%, 60%, 30%, 30’
each). 4 quick washed with distilled water were done again and afterwards the cuts were
dehydrated and mounted. Samples were analysed on Leica DMI6000B microscope and Leica

MS0 lupa (Leica).

Table 10. List and composition of solutions necessary for SDH staining.

Buffer Composition

0,2 M phosphate buffer pH 7,4 0,2 M KH,PO,
0,2 M Na,HPO4
0,2 M succinic acid Succinic acid, anhydrous crystalline
disodium salt
0,2% Nitroblue tetrazolium Nitroblue tetrazolium 98%
(Nitro-BT)
Incubation solution 50 mM succinic acid
50 mM phosphate buffer
0,1% Nitro-BT

Immunohistochemistry

Immunostainings using monoclonal antibodies against type [ (A4840), type 1la (A474) and type
IIb (BF-F3) fibers were performed on muscle sections in controlled conditions using Ventana
UltraView Universal DAB machine, property of the Hospital Universitari Germans Trijas i
Pyjol (Can Ruti, Badalona), with the help of the technician Maria Angela Fernandez. Prior to
the staing procedure in the Ventana machine, muscle sections were fixed in cold 100% acetone
at RT for 10°. After the staining the samples were dehydrated in ethanol as stated above and

mounted. The details on antibodies and concentrations used are listed in the Table 14.
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Protein Analysis

C2C12 cells were collected and washed well with 1XPBS. They were either processed directly
or the cell pellets were stored at -80°C until use. Cell pellets were lysed in 100ul WB lysis
buffer containing 0,5% SDS and additionally sonicated (Diagenode). After the lysis protein
concentration was determined using BCA Protein Assay Kit (ThermoScientific) and reading the
absorbance at the spectrophotometer SPECTRAmax 340PC (BioNova). Equal quantities of
samples were loaded onto polyacrilamide gels. Samples were run for necessary time in the
polyacrilamide gels and then transferred to nitrocellulose membrane (Whatman, GE Healthcare)
at 220 mA during a minimum of 1 h. Once the transfer was over, the membranes were blocked
using 5% non-fat milk (Nestle) in TBST during minimum of 15 min. Membranes were
incubated with primary antibody over night and day after, after extensive TBST washing, the
membrane was incubated in appropriate secondary-HRP  conjugated antibody
(DakoCytomation) for 1h at RT while shaking. After this incubation, membranes were again
well washed in TBST and ThermoScientific chemiluminescent reagent mix in 1:1 ratio was
used to incubate the membrane for 1 minute. Incubated but dried membrane was overlayed with
the photohgraphic film (GE Healthcare). The film was usually exposed for a time interval of
few seconds to few minutes. Long exposures of the films were almost always avoided. After

exposure the film was developed with the FujiFilm FPM-100A developer.

Table 11. List and composition of solutions used for Protein Analysis.

Composition

Working
concentration

WB Resolving buffer 4X pH 1,5 M Tris 1X

8,8 0,4% SDS,

WB Stacking buffer 4X pH 6,8 | 500 mM Tris 1X
0,4% SDS,

WB Running buffer 10X 250 mM Tris 1X
2 M Glycine
10 g/1 SDS

WB Transfer buffer 10X 250 mM Tris 1X
1,92 M Glycine

TBST wash buffer 10x 140 mM NacCl 1X
250 mM Tris
27 mM KCl

Blocking 5% milk in TBST 5% Non-fat (Nestle) milk
dissolved in 1X TBST

WB Total lysis buffer ChIP Elution buffer (see table
X) diluted 1:1 in water

Laemmli buffer 5X 250 mM Tris HCI pH 6,8 1,25-2X
50% Glycerol
10% SDS
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14,3 M b-mercaptoethanol

0,05% Blue Bromphenol
10% NaN3 10% sodium-azide 0,05%
Ponceau 0,5% Ponceau S dissolved in 1% | reusable

acetic acid

Table 12. Gel concentrations and compositions used for WB Resolving gels.

Resolving gels 8% 10% 12% 14%
Acrylamide 30% (BioRad) 26ml | 33ml | 3,89 ml | 4,6 ml
WB Resolving buffer 4X pH 8,8 25ml | 25ml | 25ml | 2,5ml
H20 52ml | 45ml | 391 ml | 3,2 ml
APS 10% (Sigma-Aldrich) 80 ul | 80l 80 ul 80 ul
TEMED (Amresco) 8 ul 8 ul 8 ul 8 ul

Table 13. Gel concentrations and compositions used for WB Stacking gel.

Stacking gel 4% \
Acrylamide 30% (BioRad) 0,5 ml
WB Stacking buffer 4X pH 6,8 360 ul
H20 2,1 ml
APS 10% 30 ul
TEMED (Amresco) 3ul

Table 14. List of antibodies and concentrations used.

Antibody Supplier Working
concentration
macroH2A1 Homemade 1:1000
macroH2A1.1 Providled by  Andreas | 1:1000
Ladurner Laboratory,
Homemade
macroH2A1.2 Providled by  Andreas | 1:500
Ladurner Laboratory,
Homemade
macroH2A2 Homemade 1:1000
eMHC (F1.652) Provided by Pura Mufioz- | Supernatant directly
Canoves
Sarcomeric MHC (MF20) Provided by Pura Mufioz- | Supernatant directly
Canoves
MyoD Santa Cruz 1:1000
Myogenin (F5D) Santa Cruz Supernatant directly
H3 Abcam 1:5000
Secondary  anti-mouse-HRP | DakoCytomation 1:3500
conjugated antibody
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Secondary anti-rabbit-HRP | DakoCytomation 1:3500

conjugated antibody

A4840 (fibers type I) Provided by Pura Mufioz- | 1:100
Canoves

A474 (fibers type 11a) Provided by Pura Mufioz- | 1:100
Canoves

BFF3 (fiber type IIb) Provided by Pura Mufioz- | 1:100
Canoves

Chromatin Immunoprecipitation (ChIP) and ChIP-Sequencing

Chromatin Immunoprecipitation was performed on proliferating C2C12 myoblasts and
terminally differentiated myotubes (day 4 after changing to DM) in cultures. To use only fully
differentiated and fused myotubes, 4 days after switching the fully confluent C2C12 myoblasts
to DM, the cells were washed of with PBS and 4ml of 1X Trypsin (Gibco) was used to separate
the fully differentiated and fused myotubes from non-fused cells. Trypsinisation was done
extremely fast (less than 20 sec) in order to avoid myotube damaging and enriched myotubes
were collected in excess of FBS-containing medium in order to inactivate trypsin. Enriched
myotubes were then fixed with 1% FA in suspension during 10’ at RT on a rotating wheel. The
time of fixation was controlled and the reaction was quenched with 0,125 M glycine during 5’
also rotating on RT. After quenching, the myotubes were well washed with 1X PBS and stored
at -80°C. Proliferating C2C12 myoblasts were fixed in plates shaking with 1% FA during 10’ at
RT. The reaction was quenched as for enriched myotubes and the cells were extensively washed
and stored as fixed pellets. Special High-clarity Polypropylene Conical blue tip 15ml falcons
(BD Falcon) were used to store pellets as the sonicator tips (Diagenode) fit well on those tubes.
To proceed with the chromatin immunoprecipitation, pellets were thawed on ice and extraction
of nucleis was initiated by resuspending softly (without vortexing and strong pipetting up and
down) the cells in Lysis buffer I containing PMSF and Leupeptin (both purchased from Sigma-
Aldrich) (see table 15. further down) and left 10’ on ice. Lysed cells were spinned at 5000 x g
for 5° at 4°C. Supernatant was discarded and nuclei were resuspended in Lysis buffer 11
containing PMSF and Leupeptin. After 10’ incubation on ice, nuclei were completely disrupted
by sonicating the samples 10’ using Bioruptor sonicator (Diagenode). After sonication the
samples were briefly centrifuged to remove debris. A small volume was taken out to check the
size of the sheared chromatin: the aliquot was mixed with Lysis buffer 2, IP dilution buffer,
Proteinase K (Sigma-Aldrich), CaCl, and NaCl and shaken over night at 65°C. The next day
Phenol/Chlorophorm (Sigma-Aldrich) extraction of DNA was performed: 1 volume of
Phenol/Chlorophorm mix was added to the aliquot mix, vortexed thoroughly, spinned 5° at 5000
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rpm and afterwards the upper phase containing DNA was recovered and the DNA was
precipitated adding 3 volumes of absolute ethanol and 0,1 volume of 3 M sodium acetate. After
20’ of incubation at -20°C, the samples were spinned, washed with 70% ethanol, dried and
resuspended in 75 pl of water. Concentration was determined and 2 pg of sample was run on the
1% agarose gel to check the size of the sheared chromatin. 35 pg of sheared chromatin were
used for each IP reaction and diluted with 9 volumes of IP dilution buffer. All samples were
incubated with antibodies in the same volume, as Lysis buffer II was used to adjust the volumes.
Samples were precleared with 20 pl of pre-blocked (in 1% BSA for 30’ rotating at 4°C) slurry
Ab binding beads (Diagenode, not blocked with any DNA) for 2h at 4°C rotating. From
precleared lysates input sample was taken (10% of the total volume) which was stored until
later at 4°C and to the rest of the lysate 3-5 pg of specific antibody were added. To pull down
the chromatin fraction enriched for specific antibody, samples were rotated for 2h or over night
(o/n) at 4°C. The following day the capture with beads was performed by rotating during 2h at
4°C using the same beads. Beads were spun down and washed twice with each of these buffers
in this order: Mixed Micelle wash buffer, LiCl/Detergent wash buffer, Buffer 500. First wash
was quick and the second was up to 5’ rotating on a wheel at RT. Finally a quick wash with TE
buffer was performed. Enriched chromatin was eluted with elution buffer and additional
vortexing. After two elutions, reverse cross-linking was performed using NaCl at a final
concentration of 200 mM and shaking the samples o/n at 65°C. The next day the samples were
digested with Proteinase K in a solution of EDTA and Tris pH 6,5 for 3h at 45°C. To the
digested samples 1 volume of phenol/chlorophorm was added and the upper phase was
recovered, which was mixed with another volume of Chlorophorm (Sigma-Aldrich). Again the
aqueous upper phase was recovered and the enriched DNA was precipitated including glycogen,
3 volumes of absolute ethanol and 0,1 volume of 3 M sodium acetate. After -20°C incubation,
DNA was pelleted, washed with 70% ethanol and dried. The DNA was finally resuspended in
50 pl of water. The precipitated DNA was analyzed by qRT-PCR using input diluted 1/50 to
normalize directly loaded IP samples.

For Chip-sequencing, DNA was enriched by ChIP and quantified using Qubit™ dsDNA HS
Assay (Invitrogen). 20 ng of enriched DNA was used for library generation and direct massive

parallel sequencing on Illumina Genome Analyzer at the EMBL facility, Heidelberg.

Table 15. List and composition of solutions necessary for ChIP.

Buffer Composition

FA solution 11% FA in IX PBS
1,25 M Glycine dissolved in 1X PBS
Lysis buffer | 5 mM PIPES pH 8
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85 mM KCl

0,5% NP-40

1 mM PMSF

50 pg/ml leupeptin
Lysis buffer II 1% SDS

10 mM EDTA pHS8

50 mM TRIS pH 8.0

1 mM PMSF

50 pg/ml leupeptin

IP dilution buffer 1% TRITON X-100

150 mM NaCl

2 mM EDTA pHS8

20 mM TRIS pH 8.0

1 mM PMSF

50 pg/ml leupeptin
Mixed Micelle Wash buffer 150mM Final

20 mM Tris-HCI pH 8.1
5 mM EDTA pH 8.0
5% sucrose (W/v)
0,02% NaNj;

1% Triton X-100

0,2% SDS
LiCl/detergent wash 0,5% deoxycholic acid (w/v)
1 mM EDTA

250 mM LiCl

0,5% NP-40 (v/v)

10 mM Tris-HCI pH 8.0

0.2% NaNj;
Buffer 500 0.1% deoxycholic acid (w/v)
1 mM EDTA
50 mM HEPES, pH 7.5
500 mM NaCl
1% Triton X-100 (v/v)
0,2% NaNj;
Elution buffer 1% SDS
100 mM NaHCO;
0,5 M EDTA pH 8
1 M Tris pH 8
10% BSA (BioRad) BSA dissolved in 1X PBS
1XPBS pH 7,4 136 mM NaCl
2,7 mM KCl

Phenotype Microarrays

Phenotype microarray experiments were performed following protocols provided by Biolog Inc.
Essentially, C2C12 myoblasts were seeded as for transcriptomics anaylsis with the exception
that 48h after the first siRNA transfection, cells were trypsinized, counted and resuspended in

Biolog MC-0 medium (IF-M1 medium 50 ml, Pen/Strep 1,1 ml, 80 pl 1-Glutamine, 2,65 ml
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FBS) and seeded at density 10000 cells per 50 upl per well onto Biolog Phenotype
MicroArrays™ plates PM-M1 and PM-M2 (Biolog Inc) that were calibrated at RT over night,
both conditions in duplicate. Cells were incubated in a normal cell culture incubator. Part of the
cells was stored to check the efficiency of the knock-down. The next day 10 pl of Redox Dye
Mix (Biolog Inc) was added very quickly to each well and the plate was put in the plate reader.
Two absorbencies were read — 590 nm and 750 nm. First reading was performed immediately
after Redox Dye Mix adding and the next read were performed at 4h post-adding the Redox
Dye Mix. After 4h in the wells containing positive control (a-D-glucose) the reaction was
saturated as the colour was intense dark purple. The calculations were done as following: the
second absorbance was used as the background and was subtracted from the values of A590. All
values were normalized for (divided by) the average of the positive control, D-glucose, of the
control cells. To represent the differences, values obtained from the control cells were deducted

from the macroH2A1.1 knock-down values.

Oxygen Consumption and Extracellular Acidification Rate
Measurements and FAO Assay

Analysis of oxygen consumption (OCR) and extracellular acidification (ECAR) rates was
performed using a Seahorse XF96 Flux Analyzer (Seahorse Bioscience). In details, C2C12
myoblasts were treated as for Phenotype MicroArrays. 24h post-siRNA transfection cells were
seeded into 2 XF 96-well cell culture microplates and incubated over night in a normal CO,
containing incubator. On the next day, two different tests were performed: Mitochondrial Stress
Test (MST) and Glycolytic Stress Test (GST). For MST, the normal medium of the cells was
replaced with 90 pl of minimal medium containing 0,2% FBS, 25 mM glucose, | mM Hepes,
Penicillin/Streptomycin, L-Glutamine (it is important not to add any buffering agent so the pH
can change according to the possible metabolic changes of the cells). The plate was incubated
for 2h at 37°C in a CO0, free incubator before starting the experiment. In the meantime different
compounds were loaded onto the sensor cartridge: at the position A oligomycin, position B
FCCP, position C Rotenone/Antimycin A mix, position D normal minimal medium; 30 pl in the
drug injection port of each well. Following instrument and cartridge calibration, the XF
microplate together with the sensor cartridge was loaded into the XF Analyzer to record oxygen
consumption as well as extracellular acidification rates. The measurement protocol consisted of
5 loops of 4 min mixture and 5 min OCR/ECAR measurement times for each of the component
added to the microchamber. At the end of the assay, 20 pl of Proteinase K (10 mg/ml) was
added to the media and left over night. The following day 180 pl of GelDye mix (Biotrium, 3 pl
of GelDye per 100 ml of PBS) was added to the digested microplate content, the whole solution
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was mixed and 50ul of it was transferred to a transparent black walls 96-well plate and
absorbance was read (533 nm excitation, 590 nm emission) to quantify the DNA and adjust for
potential differences in cell densities. To perform the GST, a minimal medium was prepared as
for MST but containing no glucose. Cells were incubated with this minimal medium (in
starvation conditions) for 2h. In the meantime the sensor cartridge was prepared loading two
compounds - glucose and 2-deoxy-glucose — and afterwards calibrated. To record the OCR and
ECAR, total measurement protocol was following: 5 loops of 4 min mixture and 5 min
measurement for each component added. To quantify the DNA, the same procedure as for MST
was employed.

Fatty acid oxidation assay (FAQO) was performed also as indicated in the technical leaflet. 24 —h
post-siRNA transfection the C2C12 cells were seeded onto XF 96-well plate. 24 h prior the
assaying, the medium of the cells was replaced for substrate-limited medium (DMEM
containing 0,5 mM glucose, | mM glutamax, 0,5 mM carnitine and 1% FBS). 45” prior the
assay, the cells were washed twice with the FAO medium (111 mM NaCl, 4,7 mM KCI, 1,25
mM CaCl,, 2 mM MgSO,, 1,2 mM NaH,PO, supplemented with 2,5 mM glucose, 0,5 mM
carnitine and 5 mM HEPES at pH 7,4).FAO assay medium was added to the cells (135 pl) and
incubated in CO,-free incubator for 45°. In the meantime assay cartridge was loaded with the
same compounds as for the MST. Shortly prior the assay (157), 15 pl of 400 uM Etomoxir (Eto)
or vehicle were added to corresponding wells, to allow Eto uptake and binding to Cptl. Just
prior to starting the assay, XF Palmitate-BSA FAO Substrate or just BSA was added to the
appropriate wells (30 ul/well). To record the OCR and ECAR, total measurement protocol was
following: 5 loops of 4 min mixture and 5 min measurement for each component added. To

quantify the DNA, the same procedure as for MST was employed.

Targeted metabolomics

For mass spectrometry analysis of the metabolites composition in proliferating myoblasts and
differentiated myotubes, the samples were normalized by the nuclei number. Of the original
sample sent to mass spectrometry, 10% was taken out. To count the nuclei in each sample,
Hoechst 33342 staining was performed. From stock solution of 10 mg/ml (Molecular Probes,
Invitrogen, provided by IGTP Flow Cytometry Facility) using 1X PBS, a solution of 5 ug/ml
concentration was prepared and kept in dark. When needed, the 5 pg/ml solution was further
diluted with PBS to obtain 1 pg/ml working solution. A triplicate of proliferating myoblasts
pellets and a triplicate of differentiated myotubes was resuspended in Lysis buffer I (see Table
15.), using additionally syringe to break down well the myotubes. After spinning, the isolated

nuclei were resuspended in 1 pg/ml Hoechst 33342 working solution and a 37°C incubation

156



followed for 20°. The samples were protected from light all the time. Incubated samples were
mixed with 100 ul of Perfect-Count Microspheres (provided by IGTP Flow Cytometry Facility)
and passed through the flow cytometer. The number of nuclei per volume in each sample was

calculated by the formula:

Number of cells of the target
subpopulation counted
Absolute count (cells/ul) = X Num of Perfect-Count/ul
Total number of microspheres (specified by manufacturer)
counted

The rest of the sample was processed to perform Liquid chromatography-MS/MS analysis. The
metabolites of interest included metabolites of NAD+ metabolism: ADP-ribose, nicotinamide,
nicotinamide mononucleotide, AMP, NAD+ and NADH. For the quantification of the 6
metabolites of interest, first the desired metabolites standards were analysed to enable selection
of the right reaction to monitor. Later, the biological samples were processed using liquid
chromatography coupled to a triple quadrupole mass spectrometer (QqQ) (Agilent 6490 with
iFunnel technology and Agilent 7000, respectively) in multiple reaction monitoring (MRM)
mode was performed. For each condition we tested three different biological replicates and each
biological replicate was run twice (as analytical duplicate). Finally, the data was analysed and
quantification was done, finally representing the data as relative area normalized for the cell

number.

Primers

siRNAs targeting splicing factors in mouse cells were kindly provided by dr. Didier Auboeuf
(Centre Léon Bérard, Lyon).

All other oligos were purchased from Invitrogen.

Table 16. List of siRNAs.

siRNA Name \ Sequence \
si Control cguacgcggaauacuucgatt

si macroH2A1.1#1 cgacaaacacugacuucuatt

si macroH2A1.1#2 ccgacaaacacugacuucutt

si macroH2A1.2 #1 gcuuugagguggaggcecau

si macroH2A1.2 #2 ugacauugaccuuaaagau

Table 17. List of PCR, RFLP and qRT-PCR primers.
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Method Oligo Name

Sequence

q RT-PCR myogenin_ mm_gRTPCR 212 fwd ggtgtgtaagaggaagtctgte
q RT-PCR myogenin_ mm_gRTPCR 375 rev taggcgctcaatgtactggat
q RT-PCR Mouse mH2A1 gqRTPCR 876 Fw gacggtgaaaaactgettgg

q RT-PCR Mouse mH2A1 gRTPCR 1035 Rv ggaggaggacatcgtggag

q RT-PCR Mouse mH2A2 qRTPCR_867 Fw gctggaagagaccatcaaaaa
q RT-PCR Mouse mH2A2 qRTPCR 1015 Rv cgaagtgagccgagatgg

q RT-PCR mm_H2AFY qRTPCR E5s cctacagacggcttcactgtc
q RT-PCR mm_H2AFY qRTPCR Eo6as ggtcaatgtcagcattggtagg
q RT-PCR mm_H2AFY qRTPCR E7as gtgtagaagtcagtgtttgtcg
q RT-PCR mmGAPDH gqRTPCR 540 fwd tgcaccaccaactgcttag

q RT-PCR mmGAPDH gRTPCR 698 rev gatgcagggatgatgttc

q RT-PCR mhRpo-qPCR-F ttcattgtgggagcagac

q RT-PCR mhRpo-qgPCR-R cagcagtttctccagagc

q RT-PCR Ckm_gRTPCR 375 F (mouse) acccacagacaagcataagaccga
q RT-PCR Ckm_gRTPCR 478 R (mouse) aggcagagtgtaacccttgatgct
q RT-PCR mRpl7 qPCR 262 f gaagctcatctatgagaaggce
q RT-PCR mRpl7 qPCR 443 r aagacgaaggagctgcagaac
q RT-PCR macroH2A1 ex2 qRTPCR 254 f gggaagaagaaatccaccaag
q RT-PCR macroH2A1 ex2 qRTPCR 323 r gcctttettgatgtaccgaag

q RT-PCR mDdx17 F agaagtagcaagactgactcc
q RT-PCR mDdx17 R ccecctetcactgtaatcte

q RT-PCR mDdx5 F gtagctcagactggatctgg

q RT-PCR mDdx5 R tctctaggaatggctggteg

q RT-PCR mFOX2 F cagtagttggagctgtgtatg

q RT-PCR mFOX2 R ggatgtaagtgttgatgcctc

q RT-PCR mFOX1 F caggagggatcttccatgtac
q RT-PCR mFOX1 R ggtatgcagctgcagcagtg
q RT-PCR mMBNLI1 F gactgcaccaatgttggtcac
q RT-PCR mMBNLI1 R gtegctgtcagcaggatgage
q RT-PCR mQKI F tggaagatgctcagaacagag
q RT-PCR mQKIR tettettcaggcetgtcttcac

q RT-PCR mCugbpl F ctctecactacatccageagtc

q RT-PCR mCugbpl R gaattactgctgetggagcete

q RT-PCR mCugbp2 F cagatgaaacctgcagatagtg
q RT-PCR mCugbp2 R cactctgatatcattctcgttac
q RT-PCR mCdhrl qPCR 2156 f gctccccatctttcagtacaac
q RT-PCR mCdhrl qPCR 2248 r atgggattgtccttggtetg

q RT-PCR mltgall qPCR 3426 f gttccacagcecccttcate

q RT-PCR mltgall qPCR 3488 r tgccagtcttcttgcttgg

q RT-PCR mTmeml171 qPCR 841 f aaacccaccttcctattccag

q RT-PCR mTmem171 qPCR 937 r atgaaccctgcccagaaatg
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q RT-PCR mAtp9a qPCR 2828 f tttgggtgttaatcagcatctate

q RT-PCR mAtp9a qPCR 2919 r ggatgagggatgtgaaggag

q RT-PCR mFabp3 qPCR 222 f gacagcagatgaccggaag

q RT-PCR mFabp3 qPCR 294 r gttgtctcctgeecegtte

q RT-PCR mFoxol qPCR 1052 f ataagggcgacagcaacag

q RT-PCR mFoxol qPCR 1110 r cgaataaacttgctgtgaagg

q RT-PCR mMyhl gqPCR 5518 f ctgaagggcggcaagaag

q RT-PCR mMyhl qPCR 5581 r cgcttctgttcattttccac

q RT-PCR mMyh8 qPCR 5606 f ctgaagggcggcaagaag

q RT-PCR mMyh8 qPCR 5672 r ttgegtttetgttcattttc

q RT-PCR mltgall qPCR 3345 f gggaaacctgtggctgac

q RT-PCR mltgall qPCR 3426 r atgaaggggctgtggaac

q RT-PCR mChdrl_gPCR 1901 f tacagagcgtccaggaaaag

q RT-PCR mChdrl qPCR 1966 r ttgttaggctcctctgeatce

q RT-PCR mMyf6_qPCR 507 f gcgtggaccectacagetac

q RT-PCR mMyf6_qPCR 730 r cgtggaggaggtggtogagaag
q RT-PCR mMyh7b_qPCR 905 f gcctctgeggacattgatag

q RT-PCR mMyh7b_qPCR 946 r gggcagcetggaagatcact

q RT-PCR mMyh7 qPCR 2005 f gccaactatgctggagetgatgcce
q RT-PCR mMyh7 qPCR 2140 r ggtgegtggagegceaagtttgtcataag
q RT-PCR mMyh4 qRTPCR 5235 F gagctactggatgccagtgagegce
q RT-PCR mMyh4 qRTPCR 5337 R ctggacgatgtcttccatctetee

q RT-PCR mMyh2 qRTPCR 2003 F ggcacaaactgctgaagcagagge
q RT-PCR mMyh2 qgRTPCR 2117 R ggtgctcctgaggttggtecatcage
q RT-PCR mCoxVb_qRTPCR 259 f agcagcacagaagggactg

q RT-PCR mCoxVb qRTPCR 328 r tggacgggactagattaggg

q RT-PCR mCycs qRTPCR 159 f caaatctccacggtetgttc

q RT-PCR mCycs qRTPCR 248 r tccatcagggtatcctctce

q RT-PCR mCptlb qRTPCR 1362 f ttgctacaaccctgacgatg

q RT-PCR mCptlb qRTPCR 1452 r tgcaggagataagggtgaaag

q RT-PCR mAcadm gqRTPCR 885 f attgtggaagccgacace

q RT-PCR mAcadm_qRTPCR 980 r tttccttaggeactetgacg

q RT-PCR mPdgfb qRTPCR 1209 f ctgcaataaccgcaatgtg

q RT-PCR mPdgfb qRTPCR 1279 r ggcttctttcgcacaatctc

q RT-PCR mEsrra qRTPCR 752 f ggaggacccaggaagacag

q RT-PCR mEsrra qRTPCR 815 r gcatggcgtacagcttctc

q RT-PCR mVegfa qRTPCR 1359 f gccagcacataggagagatg

q RT-PCR mVegfa qRTPCR 1455 r tttttgaccctttcecttte

q RT-PCR mlfgl qRTPCR 467 f tggtggatgctcttcagtte

q RT-PCR mlfgl qRTPCR 551 r cacaatgcctgtctgaggtg

q RT-PCR mlfgl qRTPCR_880 f catcgaaacacctaccaaataac
q RT-PCR mlfgl qRTPCR 964 r tcctaaagacgatgttggaatg

q RT-PCR mlgf2 qRTPCR_564 f cacgcttcagtttgtctgttc

159




q RT-PCR mlgf2 qRTPCR 642 r agcagcactcttccacgatg

q RT-PCR mFst qRTPCR 582 f caaggccagatgcaaagag
q RT-PCR mFst qRTPCR 677 r ggtctgatccaccacacaag

q RT-PCR mFstll qRTPCR 492 f attccagatggctggttcte

q RT-PCR mFstll qRTPCR_569 r ggagtccaggtgagagteg

q RT-PCR mMyf5 qRTPCR 616 f tgagggaacaggtggagaac
q RT-PCR mMyf5 qRTPCR 705 r acagggctgttacattcagg

q RT-PCR mFbxo32 qRTPCR_864 f atgtgggtgtatcggatgg

q RT-PCR mFbxo32 qRTPCR 960 r tgtaagcacacaggcaggtc
q RT-PCR mPdgfr qRTPCR 1972 f ggtggagattcgcaggag

q RT-PCR mPdgfr qRTPCR 2053 r gagagatgacggtaaggaccac
q RT-PCR mSlc2a4 qRTPCR 695 f aatcgcccccactcate

q RT-PCR mSlc2a4 qRTPCR 774 r tagactccaagcccageac

q RT-PCR mPdk4 qRTPCR 749 f aaagatgctctgegaccag

q RT-PCR mPdk4 qRTPCR 824 r cacaatgtggattggttgg

q RT-PCR mMstn_qRTPCR 442 f cgctaccacggaaacaatc

q RT-PCR mMstn qRTPCR 505 r aaagcaacatttgggcttg

q RT-PCR mTrim63 qRTPCR 878 f acttgtggagaccgccatc

q RT-PCR mTrim63 qRTPCR 949 r ctcttgatgagetgcettgg
RFLP hs H2AFY E6 715 fwd gcttcacagtcctectetecace
RFLP hs H2AFY E9 914 rev gagttccaggacagcttccac
RFLP mm_H2AFY E8 928 rev cgceccttettetccagtgtg
RFLP mm_H2AFY E8 928 rev cgcccttcttctccagtgtg

q RT-PCR hH2AFYE6/7s teettggecagaagcetgaac

q RT-PCR hH2AFYESs ttcacccgacaaacactgac

q RT-PCR hH2AFYE9as gagttccaggacagcttccac
q RT-PCR hmH2A1 qPCR 897 fw cctggctgatgataagaagetg
q RT-PCR hmH2A1 qPCR 1019 Rv gacacgaagtaactggagatgg
q RT-PCR H2AFY2 gRTPCR 603 F catggcggcagtcattgag

q RT-PCR H2AFY2 gRTPCR 638 R attgccggccaattctagaa

q RT-PCR MYOD1 gRTPCR 844 f cggcatgatggactacageg
q RT-PCR MYODI1 gRTPCR 958 caggcagtctaggctcgac

q RT-PCR CKM _gRTPCR 483 f ctgacaagcacaagactgacc
q RT-PCR CKM_gRTPCR 541 r ctgctgagcacgtagttaggg
q RT-PCR MYOG qRTPCR 485 F cagctccctcaaccaggag

q RT-PCR MYOG _gqRTPCR 586 R cactgccccactctggac

q RT-PCR HPRT1 qRTPCR 295 F tggacaggactgaacgtcttg
q RT-PCR HPRT1 gRTPCR 405 R ccagcaggtcagcaaagaatt

Table 18. List of primers used in ChIP.

Method Primer name Sequence
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qChIP

m Ranbp6_qChIP _-3929 Fw

tgtatgtggcatttttgttgg

qChIP

m Ranbp6 qChIP -4025 Rv

ttagagccaaatgagagggatag

qChIP

m Wnt8a qChIP_+1403 Fw

tgtgtgcatgtgcaatgtatg

qChIP

m Wnt8a_qChIP_+1503 Rv

caccactcatacccacagacc

Table 19. List of cloning and mutagenesis primers.

Method Primer name Sequence

cloning pCMV_FLAG Bgl2 fwd ggagatctgccaccatggattacaagg

cloning mm_mH2A1.1 aal EcoRI F gc gaattccatgtcgagecgeggegggaagaag

cloning mm_mH2A1.1_STOP Xhol R | gg ctcgag tcagcctagttggegtccagcettgg

mutagenesis m mH2A1.1 gtgatgctgtcgttcacccgaccaatactgacttctacac
silent mut 887/890 F cggtgg

mutagenesis m mH2A1.1 ccaccggtgtagaagtcagtattggtcgggtgaacgac
silent mut 887/890 R agcatcac

mutagenesis m mH2A1.1 ctgtcgttcacccgaccaatacggatttctacaccggtg
silent mut 893/896 F gtgaagt

mutagenesis m mH2A1.1 acttcaccaccggtgtagaaatccgtattggtcgggtea
silent mut 893/896 R acgacag

mutagenesis m mH2A1.1 ccgaccaatacggatttctacaccggtgaggaagt
silent GGT667GAG F aggaaacacactggagaag

mutagenesis m mH2A1.1 cttctccagtgtgtttcctacttcctcaccggtgtagaaat
silent GGT667GAG R ccgtattggtcgg
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