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ABSTRACT

APOBEC?2 is a member of the prolific activation induced cytidine deaminase/ apolipoprotein
B editing complex (AID/APOBEC) family of DNA or RNA editors. This family of nucleic acid
editors has diverse molecular roles ranging from antibody diversification to RNA transcript
editing. However, even though APOBEC2 is an evolutionarily conserved zinc-dependent
cytidine deaminase, it neither has an established molecular substrate nor function. In this
work, we use the C2C12 skeletal myoblast differentiation model to confirm that APOBEC?2 is
upregulated during differentiation and is critical to proper differentiation. Furthermore, we
show that APOBEC2 has none of the attributed molecular functions of the AID/APOBEC
family, such as mRNA editing, DNA demethylation, and DNA mutation. Unexpectedly, we
reveal that APOBEC2 binds chromatin at promoter regions of actively transcribed genes,
and binding correlates with transcriptional repression of non-myogenesis related gene
pathways. APOBEC?2 occupied regions co-occur with sequence motifs for several
transcription factors such as Specificity Protein/Kriippel-like Factor (SP/KLF), and we
demonstrate in vitro that APOBEC2 binds directly and co-operatively to double stranded
DNA containing a SP1 binding site. Finally, protein-proximity data show that APOBEC2
directly interacts with histone deacetylase (HDAC) transcriptional co-repressor complexes.
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Taken together, these data suggest a role for APOBEC2 as a transcriptional repressor for
muscle differentiation, a novel role that is unique among AID/APOBEC family members.

INTRODUCTION

The AID/APOBEC proteins are zinc-dependent deaminases that catalyze the
removal of the amino group from a cytidine base in the context of a polynucleotide chain,
resulting in cytidine (C) to uridine (U) transition on DNA or RNA. Members of the
AID/APOBEC family are closely related to one another based on homology and conservation
of the cytidine deaminase domain containing a zinc-dependent deaminase sequence motif
(Conticello, 2008). However, they differ by tissue-specific expression, substrates, and
biological functions (reviewed in (Salter et al., 2016)). Physiologically these proteins alter the
informational content encoded in the genome through a range of processes: acting as RNA
editors to create sequence changes in 3'UTRs of mRNAs, affecting translation (APOBEC1)
(Cole et al., 2017; Rayon-Estrada et al., 2017), acting as DNA mutators to create novel gene
variants, restrict viruses and retrotransposons (AID and APOBEC3) (reviewed in (Harris &
Dudley, 2015; Knisbacher et al., 2016)) and, changing DNA 5mC maodification levels, leading
to modulation of transcript abundance (AID) (Bochtler et al., 2017; Dominguez &
Shaknovich, 2014).

APOBEC?2 is an evolutionarily conserved member of the AID/APOBEC family
(Conticello, 2008). Substantial evidence highlights the biological relevance of APOBEC?2 in
metazoans. In mice, APOBEC?2 is highly expressed in cardiac and skeletal muscle where it
affects muscle development (Anant et al., 2001; W. Liao et al., 1999). Specifically, in the
absence of APOBEC?2, there is a shift from fast to slow muscle fiber formation, a reduction in
muscle mass, and the development of a mild myopathy with age (Sato et al., 2010). In
zebrafish, APOBEC2 has been implicated in muscle fiber arrangement (Etard et al., 2010)
and in retina and optic axon regeneration (Powell et al., 2012). In frogs, APOBEC?2 is
important in left-right axis specification during early embryogenesis (Vonica et al., 2011).
Mutations and gene expression changes of APOBEC2 have also been linked to cancer
development (Bierkens et al., 2013; Lohr et al., 2012; Okuyama et al., 2012).

Even though there is functional evidence of the biological role of APOBEC2 there is
little insight as to the mechanism by which APOBEC2 accomplishes these effects. Moreover,
there has been no definite demonstration of its predicted cytidine deaminase enzymatic
activity or potential physiological substrate. Based on its homology with the other
AID/APOBEC family members, it has been hypothesized that APOBEC2 may be involved in
RNA editing (W. Liao et al., 1999; Okuyama et al., 2012) or DNA demethylation (Guo et al.,
2011; Powell et al., 2012; Rai et al., 2008). It has also been hypothesized that it has lost its
deaminase activity altogether and may act biologically by a novel mechanism (Powell et al.,
2014). However, there is currently a lack of knowledge on the direct physiological targets of
APOBEC2, and its mechanism of action.

To answer some of these questions, here we perform knockdown studies of
APOBEC2 during the differentiation of the C2C12 murine myoblast cell line to systematically
characterize the transcriptome and DNA methylation patterns of APOBEC2 deficient and
control C2C12 cells. While our results do not support APOBEC2? roles either on RNA editing
and on DNA methylation, we find that APOBEC2 downregulation leads to substantial gene
expression changes affecting programs associated with myogenesis. Moreover, genomic
occupancy experiments demonstrate that APOBEC?2 interacts with chromatin at promoters
of genes that are repressed genes during myoblast differentiation. Furthermore, these genes
are derepressed with APOBEC2 knockdown, which allude to APOBEC?2 acting as a
transcriptional repressor. Notably, these occupied derepressed genes are not directly
involved in myogenesis or muscle differentiation. We show that APOBEC?2 directly interacts
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with Histone Deacetylase 1 (HDAC1) repressor complexes, which supports the molecular
function of APOBEC?2 as a transcriptional repressor. Furthermore, APOBEC2 chromatin
binding regions are enriched for transcription factor (TF) motifs, such as SP/KLF factors.
Through biochemical analyses with recombinant protein, we demonstrate that APOBEC?2 is
both able to directly bind an SP1 motif, and cooperatively enhance SP1 DNA binding affinity.
Taken together, our data suggest that APOBEC2 has a direct role in regulating active gene
transcription during myoblast differentiation as a transcriptional repressor.

RESULTS
APOBEC?2 is required for myoblast to myotube differentiation

The C2C12 myoblast cell line was originally derived from mouse satellite cells
activated to proliferate after muscle injury in adult mice (Blau et al., 1985; Yaffe & Saxel,
1977). C2C12 myoblasts are thought to recapitulate the first steps of muscle differentiation in
culture and upon differentiation induce APOBEC2 expression (Vonica et al., 2011) (validated
in Supplementary Fig. 1), making them a suitable model to investigate putative roles of this
suspected cytidine deaminase in situ.

To explore the role of APOBEC2 during myogenesis, we reduced APOBEC2 protein
levels using short hairpin RNA (SshRNA) against APOBEC2 mRNA. Protein reduction was
efficient and coincided with reduced myoblast to myotube differentiation, evidenced by the
decrease in expression of TroponinT and myosin heavy chain (MyHC), protein markers of
late differentiation (Fig. 1a). At the cellular level, an overall cellular differentiation delay was
evident: downregulation of APOBEC2 protein levels coincided with reduced myotube
formation (Fig. 1b). Thus, APOBEC2 downregulation impaired myoblast-to-myotube
differentiation. These observations match those previously reported using mouse embryonic
stem cell-derived myogenic precursors (Carrio et al., 2016).

APOBEC?2 loss leads to gene expression changes related to muscle differentiation

To study how APOBEC?2 loss leads to problems in C2C12 myoblast-to-myotube
differentiation, we performed RNA sequencing (RNA-Seq) to compare the transcriptome
dynamics of APOBEC2 knockdown and control cells during differentiation. We observed that
reduced APOBEC2 levels led to substantial gene expression changes (Fig. 1¢). Notably,
genes downregulated during differentiation were enriched for muscle development Gene
Ontology (GO) terms, whereas genes upregulated were enriched for GO terms related to
immune response (Fig. 1c and Supplementary File 1). The decreased expression of muscle
differentiation related genes reflects the observed reduced myotube formation. Moreover,
genes involved in muscle GO terms were also downregulated at day O prior to inducing
C2C12s to differentiate. Though undetectable on the immunoblot (Fig. 1a), perturbation of
APOBEC?2 levels prior to inducing differentiation seems to affect the potential of C2C12 to
differentiate into myotubes.

Furthermore, genes related to cell development or differentiation GO terms,
particularly immune system development, blood vessel development, and nervous system
development, are among those overrepresented in the list of upregulated genes with
APOBEC?2 deficiency (Supplementary File 2). These spurious non-muscle transcriptional
programs possibly reflect transdifferentiation events, which have been observed for C2C12
myoblasts (Watanabe et al., 2004).

We next tested possible molecular mechanisms of how APOBEC?2 causes these
gene expression changes. Due to the conserved cytidine deaminase domain within the
AID/APOBEC family, APOBEC?2 is posited to be an RNA editor (W. Liao et al., 1999;
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Okuyama et al., 2012) and a DNA demethylase (Guo et al., 2011; Powell et al., 2012; Rai et
al., 2008). Upon comparing the transcriptomes of the APOBEC2 knockdown and control
C2C12 cells for instances of C-to-U RNA editing, using a previously validated pipeline
(Harjanto et al., 2016), we could not identify C-to-U or A-to-I RNA editing events that were
APOBEC?2 dependent (Supplementary Fig 2a). Similarly, using enhanced reduced-
representation bisulfite sequencing (ERRBS), we were unable to observe significant
methylation differences between the APOBEC2 knockdown and control C2C12 cells that
could account for the gene expression changes (Supplementary Fig 2b,c). Altogether, these
results strongly indicate that APOBEC2 is neither involved in mRNA editing (deamination)
nor DNA demethylation in differentiating muscle.

APOBEC2 hinds chromatin at promoters

Cytidine deaminases of the AID/APOBEC family can bind and mutate DNA either at
gene bodies, e.g. exons of the immunoglobulin locus, as catalyzed by AID, reviewed in
(Laffleur et al., 2014) or at promoter regions, e.g. local hypermutations as catalyzed by
APOBEC3 family members - reviewed in (Chan & Gordenin, 2015). To assess whether
APOBEC2 could also bind genomic DNA, we first determined the subcellular localization of
APOBEC?2 in muscle cells. We observe that APOBEC2 is present in both the cytoplasm and
nucleus of differentiated myotubes (Supplementary Figure 3a). Although a weak nuclear
localization signal (NLS) can be predicted by cNLS Mapper (Kosugi et al., 2009) (APOBEC2
residues 26 to 57, with a score of 3.7), full length APOBEC2 does not show NLS activity but
is homogenously distributed throughout the cell, presumably through passive diffusion
(Patenaude et al., 2009). To then assess whether nuclear APOBEC2 could bind chromatin,
we utilized sequential salt extraction based on the principle that loosely bound proteins will
be dissociated at low salt concentration, while tightly bound ones will not (Porter et al.,
2017). Using this technique, we found that a fraction of APOBEC2 within differentiating
C2C12 cells, remains bound to chromatin even at high salt concentrations (up to 1 M NacCl).
As a comparison histone H4 dissociates completely from DNA at 0.75 M NacCl
(Supplementary Fig. 3b). These data suggest a strong association of nuclear APOBEC2 with
chromatin in differentiating myoblasts.

To then determine APOBEC2 binding specificity within chromatin, we performed
chromatin immunoprecipitation-sequencing (ChlP-Seq) experiments, and calculated
enrichment of APOBEC?2 at specific loci over input using MACS2 (Feng et al., 2011; Zhang
et al., 2008; see Materials and Methods). We performed each experiment in triplicate, and
only peaks that were called in at least 2 out of 3 replicates were analyzed. Importantly, we
gqueried APOBEC2 occupancy at two different time points, 14- and 34-hours post-
differentiation, that precede the RNA-Seq time points, where we observed changes in gene
expression and represent time points of low and higher APOBEC2 protein abundance.
Overall, the signal around peak summits of transcription start sites (TSS) is higher at 34
versus 14 hours, reflecting an increase of APOBEC2 in chromatin. In contrast, input controls
show lower enrichment over the peak summits (Fig. 2a).

Annotating the APOBEC2 peaks by genomic feature showed that for both time points
most of the peaks fall within promoters, defined as regions -2 kilobases (kb) to +2 kb around
the TSS (Fig. 2b). Focusing on the promoter bound genes we determined that there are
~1500 genes that are bound by APOBEC2 near their transcription start sites in any of the
time points, 590 of which are occupied at both time points (Fig. 2c). Overall, about 79% of
the genes that are bound by APOBEC2 in the 14-hour time point remain bound at the 34-
hour time point. Further, using Gene Set Enrichment Analysis to determine the distribution of
APOBEC?2 occupied genes at both time points in a list of ranked expression changes either
through differentiation (day 0 to 2) or upon APOBEC2 knockdown (A2 shRNA vs GFP
shRNA at day 2). Our results show that APOBEC2 occupied genes are significantly enriched
at genes downregulated through differentiation. Moreover, upon APOBEC?2 knockdown,

4


https://doi.org/10.1101/2020.07.29.223594
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.29.223594; this version posted July 29, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

215 APOBEC2 occupied genes are instead enriched at upregulated genes (Fig. 2c).
Interestingly, overall expression of APOBEC?2 bound genes through C2C12 differentiation
from day 0 to 2 is significantly decreased during differentiation compared to genome wide
expression changes (Fig. 2d; -0.3 versus 0.1 mean log2 fold changes; t = -8.2; adjusted P-
values < 0.0001). Furthermore, expression of APOBEC2 occupied genes increase upon

220 APOBEC2 knockdown (t-statistic = 4.0; adjusted P-value < 0.001) highlighting a global
repressive role of APOBEC?2 during differentiation. Altogether, these results suggest that the
observed transcriptional changes linked to APOBEC2 deficiency are due to APOBEC2
acting as a transcriptional repressor.

225  APOBEC2 represses expression of occupied genes

To validate its possible role as a transcriptional repressor, we selected candidate
genes repressed by APOBEC2 occupancy. We narrowed it down to a list of genes occupied
by APOBEC2 which are downregulated during differentiation (day 2) and upregulated with

230 APOBEC2 knockdown. In this gene list, we did not find an overrepresentation of GO terms
relating to muscle differentiation; but rather, we found terms related to development of other
lineages (Supplementary Table 1) similar to the non-muscle genes upregulated with
APOBEC?2 deficiency. We speculate that APOBEC?2 is acting as a repressor to direct C2C12
differentiation into the muscle-lineage by repressing specious gene networks related to other

235 lineages — fine-tuning the alleged promiscuity of muscle identity transcription factor, MYOD1
(Lee et al., 2020).

Next, we wanted to determine whether APOBEC2 occupies specific motifs within
promoter regions. The members of the AID/APOBEC family that bind to DNA have some
240 local sequence preference with regard to sites they mutate, but do not display rigorous
sequence specificity (e.g. akin to TF binding sites (Kohli et al., 2010). To assess the motif
signatures in those regions we assessed through motif enrichment the over-representation
of transcription factor 8-mers sequences associated to main transcription factor modules
(Mariani et al., 2017). Among 108 TF modules tested against a controlled background of
245  negative sequences (see Methods), we observed 19 of those significantly enriched at
APOBEC?2 regions in at least one differentiation time point. Specificity protein 1-like factors
(SP) and Krippel-like factor (KLF) motifs were among the top enrichments observed (Fig.
3a), suggesting a co-regulatory role between these factors and APOBEC2. In general, TF
specificity groups increase their significance between 14 and 34 hours but with lower overall
250 effect sizes or only at the later time points, suggesting that the interplay between TFs and
APOBEC?2 occupied regions is specific at 14 hours but broader at later time points, likely as
consequence of events related to its early binding. Additionally, we did not observe
APOBEC?2 related DNA mutation at the occupied peaks, strongly implying that APOBEC2 is
not a DNA mutator like other AID/APOBEC family members (Supplementary Fig. 4).
255
APOBEC2 binds DNA in vitro

Thus far, the results suggest that APOBEC2 has a novel molecular role unique to the

AID/APOBEC family underscored by the ability to bind chromatin. AID/APOBEC family

260 proteins have been shown to be RNA editors, DNA mutators, or DNA demethylases. In all
cases, these proteins bind single-stranded nucleic acid and catalyze cytosine deamination
within the desired substrate (Salter & Smith, 2018). Our data provide evidence that
APOBEC2 binds chromatin and regulates transcription. This implies that APOBEC?2 interacts
directly with double-stranded DNA (dsDNA) at promoter regions, or that it interacts with

265  transcription regulators that do so, or both.

To determine whether APOBEC?2 is capable of binding DNA directly, we generated
recombinant APOBEC2 (expressed in insect cells, Supplementary Figure 5a) and tested
whether it could bind in vitro DNA oligonucleotides that represent APOBEC2 bound
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sequences in cells. Specifically, we chose a 30 nucleotide DNA sequence found within an
APOBEC2 ChIP-Seq peak containing an SP1 DNA sequence recognition motif since
SP/KLF motifs were among the top enriched motifs (Fig. 3a). We chose a gene, ATP2A2,
whose occupancy by APOBEC?2 coincides with transcriptional repression, suggesting
function. We found that recombinant APOBEC2 was able to bind both single-stranded DNA
(ssDNA) and dsDNA SP1 probe (Fig. 3b). Members of the AID/APOBEC family are known to
bind ssDNA or ssRNA substrates through their cytidine deaminase domain (Salter & Smith,
2018). However, it is remarkable that APOBEC?2 is uniquely able to bind dsDNA.

Since APOBEC2 binds sequences with TF binding motifs, we tested for cooperative
effects on DNA binding between APOBEC?2 and SP1, since SP/KLF motifs were the top
enriched motifs (Fig. 3a). Our data show that recombinant SP1 can bind the SP1-motif oligo
by itself and the addition of increasing amounts of APOBEC2 increases the binding of either
protein (Fig. 3c). Furthermore, the cooperativity is competed only by unlabeled SP1 probe
(Fig. 3d, Supplementary Fig. 5b-d). The cooperativity seems specific to APOBEC2 and SP1
as a closely related protein to APOBEC2, Activation-induced cytidine deaminase (AID), did
not show cooperativity (Supplementary Fig. 5b). However, we are unable to completely
compete the APOBEC?2 shift indicating low dissociation of APOBEC?2 once bound to the
DNA probe.

We then investigated how APOBEC2 cooperatively enhances SP1 DNA binding. We
tested a presumed catalytic mutant APOBEC2 (E100A) that showed similar ability to bind
(Fig. 3d). This suggests that enhanced binding does not involve base deamination, a finding
concordant with the lack of DNA deamination in APOBEC2 occupied regions
(Supplementary Fig. 4). Further, there is no detectable direct interaction between APOBEC2
and SP1 as there is neither a detectable supershift by EMSA nor a direct molecular
interaction between the two by co-immunoprecipitation (Co-IP) (Fig. 3c, d; Supplementary
Fig. 6). These data rather suggest either that binding of APOBEC2 to the probe might
generate a more favorable conformation for SP1 binding (similar to ssDNA binding by A3A
(Kouno et al., 2017; Shi et al., 2017)), or that a synergistic interaction between SP1 and
APOBEC?2 is solely transient — undetectable by the Co-IP. We have yet to show
cooperativity of APOBEC2 with other candidate TFs (Fig. 3a); however, it has also been
reported that APOBEC2 enhances Pou6f2 recognition of an OCT1 DNA probe (Powell et al.,
2014).

Previous studies suggest that recombinant APOBEC2 expressed in E.coli is
incapable of binding DNA in vitro (Powell et al., 2014) or deaminating it (Harris et al., 2002;
Lada et al., 2011; Mikl et al., 2005; Nabel et al., 2012; Powell et al., 2014); our experiments
using recombinant protein produced in eukaryotic cells suggest that a modification or small
molecule co-factor may be necessary for APOBEC2 activity — similar to deaminase activity
of ADAR2 (Macbeth et al., 2005). Nonetheless, this is the first report of APOBEC2 binding
dsDNA directly, in a fashion that is enhanced by cooperative binding with a transcription
factor in vitro.

APOBEC?2 interacts with co-repressor complexes in vivo

Binding of APOBEC2 in vivo and in vitro suggest that it can bind directly to promoter
regions and increase affinity for SP/KLF family factors on its cognate motif. Furthermore,
there is a correlation between APOBEC2 promoter occupancy and transcriptional repression
in myoblast differentiation. To ascertain the mechanism of action for the observed
transcriptional repression, we used occupied peak data from ChIP-Atlas (Oki et al., 2018) to
identify transcriptional regulators co-occupied with APOBEC?2 occupied genes in C2C12 and
myoblast/muscle datasets (N=84 factors). We focused our search to regulators enriched at
APOBEC?2 target genes (versus non-target genes) showing differential expression in normal
differentiation and upon APOBEC2 knockdown (normalized as Z-scores). Among the
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selected factors enriched at APOBEC2 target genes, three transcriptional regulators stood
out: SIN3B, SIN3A and HDACL1 (Fig. 4a; see Supplementary Figure 7). SIN3B, SIN3A, and
HDAC1 are components of HDAC co-repressor complexes involved in histone deacetylation,
chromatin remodeling, and transcriptional repression (Perissi et al., 2010). Each of these
regulators was more enriched at genes downregulated during myoblast differentiation versus
upregulated ones at both ChIP-Seq time points (maximum Z-score at 34 h = 4.1 and 0.2 for
down- and upregulated genes between day 2 and day 0, respectively; at 14 h =5.1 and 0.2,
day 1 versus day 0). Interestingly, enrichment of these regulators increased in putatively
repressed APOBEC2 genes that were significantly upregulated upon APOBEC?2 knockdown
(maximum Z-score at 34 h = 0.1 and 2.3 for down- and upregulated genes between day 2
and day 0, respectively; at 14 h = 2.7 and 2.3, day 1 versus day 0). This result suggests the
requirement of APOBEC2 for the downregulation of genes during myoblast differentiation
through interactions with the HDAC1 complex.

Next, we used proximity-dependent protein biotinylation (BiolD) to confirm and
identify other putative APOBEC2 proximal protein complexes that may indicate direct
interactions. After statistical curation we identified 361 proteins that were significantly more
tagged by APOBEC2-BirA and/or BirA-APOBEC2 than BirA or BirA-GFP controls in 293
cells. Interestingly, we identified several clusters involved in transcriptional regulation:
transcription, splicing, chromatin remodeling and histone modification complexes
(Supplementary Fig 7 and Supplementary Table S2). Of special interest was the
identification of a cluster nucleate around histone deacetylase HDAC1 (Fig. 4b) that is
consistent with the enriched transcriptional repressors found at APOBEC2 peaks with the
ChIP-Atlas (SIN3A, SIN3B and HDAC1, Fig. 4a). Using co-IP, we validated that APOBEC2
and HDAC1 interact directly in differentiated C2C12 myoblasts (Fig. 4c).

Taken together, our results suggest a direct role of APOBEC?2 in repressing active
genes, likely mediated by an HDAC1 co-repressor complex during C2C12 myoblast
differentiation (Fig. 4d).

DISCUSSION

There have been many hypothesized roles for the cytidine deaminase APOBEC?2.
Here we show that the expression of APOBEC2 during myoblast differentiation has
consequential effects on myotube formation owing to an unexpected molecular function:
transcriptional control. We discovered that APOBEC?2 loss, leads to faulty myoblast
differentiation and concomitant gene expression changes. We show that these gene
expression changes come about through direct DNA binding of APOBEC? in active
promoters — with no observed APOBEC2 related changes in RNA editing or DNA
methylation. Prior work has linked APOBEC?2 overexpression to RNA editing of specific
transcripts (PTEN and EIF4G2) as observed in the healthy livers of transgenic mice which
eventually develop hepatocellular carcinoma (Okuyama et al., 2012). Notably, RNA editing
was only detectable in the liver at specific transcripts for the transgenic mice. However,
based on our transcriptome analysis, we were unable to find evidence of such RNA editing
in our myoblast differentiation models. Prior work has reported mild effects of APOBEC2 on
DNA methylation specifically at the myogenin (MYOG) promoter (Carrié et al., 2016); from
our ChlP-Seq data we do not find occupancy at the MYOG gene. Furthermore, there is
conflicting data on the role of the AID/APOBEC family in active DNA demethylation; and,
APOBEC?2 dependent demethylation has not been found in other cellular contexts (Nabel et
al., 2012; Powell et al., 2013).

We find instead that APOBEC2 is capable of binding chromatin in vivo and dsDNA in
vitro, in a concentration dependent manner. Moreover, we observe that APOBEC2 enhances
SP1 transcription factor binding to its cognate motif. The mechanism of increased
transcription factor DNA affinity was unrelated to the putative deaminase domain as the
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380 deaminase mutant (E100A) had comparable effects to the wildtype protein. The results here,
as well as those published by others, suggest that APOBEC2 does not have a nucleic acid
deaminase function. Nevertheless, we show that APOBEC2 dsDNA binding leads to
repression of APOBEC2 occupied genes through the direct protein-protein interaction of
APOBEC2 with HDACL1 co-repressor complexes. It is possible that APOBEC2 regulates SP1

385 (and potentially other TFs) transcriptional activity as activator or repressor through HDAC1
recruitment at specific genes, similar to E2F and SP1-HDAC1 transcriptional regulation
(Doetzlhofer et al., 1999).

We hypothesize that APOBEC2 acts as a modulator of these active promoters during
390 the myogenic program — fine-tuning it for muscle differentiation and repressing other lineage
programs. MYOD1 has been shown to bind and activate lineage programs outside the
muscle lineage; however, this is mitigated by co-repressors (Lee et al., 2020). Additionally,
the interaction with RCORL1 (Fig. 4b) and potentially the REST/NRSF co-repressor complex
further supports the idea of APOBEC2 repressing other lineages, such as neurogenesis, to
395  bolster the myogenic lineage in myoblasts (Su et al., 2005). Furthermore, as APOBEC2
expression under healthy conditions is mostly confined to muscle tissue (both skeletal and
heart), where it might be acting as a ‘many-but-muscle’ lineage repressor (Mall et al., 2017).

At the molecular level, the N-terminus of APOBEC2 (which is unique amongst

400 AID/APOBEC family members) contains a region that is glutamate-rich and intrinsically
disordered (Krzysiak et al., 2012). Proteins with similar disordered regions have been shown
to form liquid phase separated membrane-less compartments (Banani et al., 2017). In
particular, this is an emerging paradigm in transcriptional control, where transcription factors
with disordered regions form liquid phase separated compartments (Boija et al., 2018;

405  Sabari et al., 2018). We hypothesize that through a similar mechanism APOBEC?2 interacts
with such phase separated compartments at active chromatin to modulate transcription
through HDAC1 co-repressor complexes during myoblast differentiation. Interestingly, from
the BiolD data, there are direct interactions of APOBEC2 to spliceosome components,
especially Serine/Arginine-rich splicing factors, that are also found in nuclear liquid phase

410 separated compartments (Herzel et al., 2017).

The discovery that APOBEC2 has a direct role in transcriptional control impacts how
we interpret the phenotypes that have been attributed to it in other biological systems —
zebrafish retina and optic nerve regeneration, Xenopus embryo development, mouse muscle

415  atrophy, and cancer development. Directly or indirectly these observations likely relate to
aberrant transcriptional programs related to tissue development or cell differentiation due to
APOBEC?2 transcriptional control. It is likely that APOBEC2 has transcriptional roles beyond
muscle differentiation.

420
EXPERIMENTAL PROCEDURES

Raw data submission

425  High throughput sequencing datasets are all found in: GSE117732 and more specifically:
RNA-Seq (GSE117730); ChlP-Seq (GSE117729); ERRBS (GSE117731)
Mass spectrometry data for BiolD performed in Flp-In 293 T-REX cells have been deposited
in MassIVE under ID (to be submitted by JMDN group)

430 C2C12 cell culture
C2C12 cells (CRL-1772, ATCC) were maintained in DMEM (30-2002, ATCC) with 10% fetal
bovine serum and fed every two days. To differentiate equal number of cells (2.5 x 1075)

were seeded in 6-well plates followed by media change to DMEM with 2% horse serum after
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12 hours. For generating single cell clones for RNA- Seq and RRBS experiments C2C12s
were sorted using fluorescence-activated cell sorting (FACS) and seeded into a 96 well
plate. Each clone was expanded and tested for successful knockdown through
immunoblotting.

Protein knockdown using lentivirus infection

C2C12 cells were infected with lentiviruses carrying shRNAs, targeting APOBEC2 (or GFP
as a control), which allows for infection of both proliferating and non-proliferating cells and
provides a stable repressive effect. All APOBEC2 shRNAs were obtained from The Broad
Institute’s Mission TRC-1 mouse library and present in pLKO.1-puro construct, which carries
the puromycin-resistance gene and drives shRNA transcription from a human U6 promoter.
Plasmids used: pLKO.1 - TRC cloning vector (Addgene, # 10878) (Moffat et al., 2006);
pLKO.1 puro GFP siRNA (Addgene, # 12273) (Orimo et al., 2005). The design of shRNAs
and cloning in pLKO.1-TRC, were done according to the Addgene protocol (Protocol Version
1.0. December 2006). The following shRNAs sequences were used for APOBEC2
knockdown:

A2 shRNA GCTACCAGTCAACTTCTTCAA

GFP shRNA GCAAGCTGACCCTGAAGTTCAT

Lentiviruses were produced by co-transfection of pLKO.1-puro short hairpins containing
construct, packaging plasmid psPAX2 (Addgene, #12260) and envelope plasmid pMD2.g
(Addgene, #12259) in HEK 293T cells. Transfections were done using Lipofectamine 2000
Reagent (Invitrogen) as per manufacturer instructions. Supernatants with lentiviral particles
were collected at 24 and 48 hours after transfection, passed through a 0.45 mm filter and
applied to C2C12s. For APOBEC?2 constitutive knockdown 30% confluent cells were infected
with pLKO.1 containing lentiviruses in growth media containing 8 pg/mL polybrene for 12
hours. Two days after lentiviral infection cells were cultured with 4 pg/ml virus-free
puromycin containing media for two more days to select cells stably expressing the shRNAs.

Immunoblotting and co-immunoprecipitation

For immunoblotting experiments, C2C12 cells were first washed with cold PBS and lysed in
100 pl RIPA lysis buffer (Santa Cruz, sc-24948) in 6-well plates. They were incubated at 4°C
for 15 minutes and then extracts were scrapped into a microfuge tube. Lysates were snap
frozen in liquid nitrogen to improve efficiency of lysis. After thawing the lysates on ice and
clearing out cell debris by centrifugation, same amount of total protein (ranges between 10-
30 pg) was boiled in SDS-PAGE sample buffer and loaded onto each lane of a
polyacrylamide gel (Criterion XT Bis-Tris Gel 12%, Bio-Rad). Following electrophoresis, the
resolved protein was transferred to a nitrocellulose membrane and subjected to western blot
(WB) analysis. The source and dilution for each antibody used were: polyclonal rabbit-
APOBEC2 (gift from Alin Vonica MD, PhD), 1:1000; monoclonal mouse-APOBEC2 (clone
15E11, homemade), 1:5000; TroponinT clone JLT- 12 (T6277, Sigma-Aldrich), 1:500; a-
tubulin DM1A (Abcam, ab7291), 1:5000; MyHC MF-20 (DSHB), 1:20.

For co-immunoprecipitation experiments, 4 x 10° C2C12 cells were plated and lysed after 4
days in differentiation medium. Cells were trypsinized, washed with cold PBS, and lysed in 1
mL cell lysis buffer: 0.5% Tween 20, 50 mM Tris pH 7.5, 2 mM EDTA, and freshly added 1X
Halt protease and phosphatase inhibitor cocktail EDTA-free (Thermo, 78441). Mixture was
vortexed and incubated on ice for 10 min, twice. Nuclei were separated from the cytoplasmic
fraction by centrifugation (6000 g, 1 minute, 4°C). Nuclei were washed with 1 mL cold PBS
before lysing in 250 pL high salt nuclear lysis buffer: 800 mM NacCl, 1% NP40 (Igepal CA-
640), 50 mM Tris pH 7.5, and freshly added 1X protease and phosphatase inhibitor cocktail,
EDTA-free. Mixture was vortexed and incubated on ice for 10 min, twice. Nuclear lysate was
then diluted to a final salt and detergent concentration of 400 mM NaCl and 0.5% NP40
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using 250 pL dilution buffer: 50 mM Tris pH 7.5 and 1X protease and phosphatase inhibitor
cocktail, EDTA-free. Nuclear lysates were treated with Benzonase (Merck-Millipore, 70664).
Nuclear lysates were pre-cleared on 25 pL Dynabeads M-280 Sheep anti-mouse or anti-
rabbit IgG (Thermo, 11201D/12203D), depending on primary IgG antibody. Pre-cleared
nuclear lysate was then added to 50 pL beads conjugated with 2-4 pg primary IgG antibody:
rabbit anti-APOBEC2 (Sigma, HPA017957), rabbit anti-SP1 (Merck, 07-645), or rabbit IgG
isotype control. Immunoprecipitation was done overnight at 4C with rotation. Beads were
thoroughly washed before resuspending and boiling in SDS-PAGE sample buffer.

Immunofluorescence staining and fusion index of C2C12s

C2C12 cells (5x10* cells) were seeded in collagen-coated coverslips (BD Biosciences,
356450) in 12- well plate the day before inducting of differentiation with 2% horse serum.
They were washed with cold PBS and fixed with paraformaldehyde (4%) in PBS for 10
minutes at 4 °C. This was followed by 2 washes, 5 minutes each at room temperature and
blocking solution (0.5% BSA, 1% gelatin, 5% normal goat serum, 0.1% Triton) in PBS for 1
hour at room temperature. This was followed by overnight stain with antibodies in a
humidified chamber at 4°C, three washes with cold PBS 5 min each at room temperature.
Coverslips were then incubated with secondary antibodies for 1 hour at room temperature,
followed by three washes with PBS 5 min at room temperature. Immunofluorescence
staining of C2C12 cells was carried out with primary antibodies: MyHC MF20 (DSHB) and
FLAG M2 (Sigma, F1804). Nuclei were counterstained and coverslips were mounted with
VECTASHIELD Antifade Mounting Medium with DAPI (Vector Laboratories, H-1200).
Images were taken using confocal Leica TCS SP5 Il or widefield Zeiss Cell Observer and
image analysis was done with Fiji/lmageJ.

Salt-extraction profiling

C2C12 cells were seeded in equal numbers (2x10° cells) and induced to differentiate after
12 hours. Five days after differentiation they were lysed in the plate with 100 pl sucrose lysis
buffer (320 mM sucrose, 0.5% NP-40, 10 mM Tris pH 8.0, 3 mM CaCl,, 2 mM Mg acetate,
0.1 mM EDTA). Extracts were incubated for 5 minutes on ice and spun at 500 g for 5
minutes to collect the nuclear pellet and supernatant as the cytosol fraction. Nuclear pellets
were washed with no-salt Nuclei Buffer (50 mM Tris pH8, 1% NP-40, 10% glycerol).
Following the washes the nuclear proteins were extracted at increasing concentrations of
NaCl from 250 mM up to 2 M in Nuclei Buffer during which they are homogenized using
dounce tissue grinders (Fisher, K8853000000), incubated on ice for 10 minutes and spun at
4°C for 10 additional minutes. Eluted material was collected, resolved on polyacrylamide gel
electrophoresis (Criterion XT Bis-Tris Gel 12%, Bio- Rad) and immunoblotted with specific
antibodies: Histone H4 (Merck, 05-858R), 1:5000; monoclonal mouse-APOBEC2 (clone
15E11, homemade), 1:5000; a-tubulin DM1A (Abcam, ab7291), 1:5000.

RNA expression analysis

Library preparation and sequencing were done by Rockefeller University Genomics
Resource Center [https://www.rockefeller.edu/genomics/] using TruSeq Stranded mRNA
Sample Prep kit as per manufacturer’s instruction. The procedure includes purification of
poly-adenylated RNAs. Libraries were sequenced with 50bp paired-read sequencing on the
HiSeq2500 (lllumina). Paired end read alignments and gene expression analysis were
performed with the Bioinformatics Resource Center at Rockefeller University. Paired-end
reads were aligned to mm10 genome using the subjunc function in the Bioconductor
Rsubread (Y. Liao et al., 2013) package and bigWig files for visualization were generated
from aligned reads using the Bioconductor rtracklayer (Lawrence et al., 2009) and
GenomicAlignments packages (Lawrence et al., 2013). For analysis of differential
expression, transcript quantifications were performed using Salmon (Patro et al., 2017) in
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guasi-mapping mode. Gene expression values were calculated from transcript
guantifications using tximport (Soneson et al., 2015). Gene expression changes were
identified at a cut off of 5% FDR (benjamini-hockberg correction) using the Wald test
implemented in DESeqg2 (Love et al., 2014). Annotation files used:
BSgenome.Mmusculus.UCSC.mm10(v1.4.0);org.Mm.db(v3.5.0);
TxDb.Mmusculus.UCSC.mm10.knownGene.gtf.gz(v3.4.0)

RNA editing analysis

RNA editing analysis was performed as previously reported elsewhere (Harjanto et al.,
2016). Editing detection was performed by comparing C2C12 control samples (GFPsh) to
APOBEC2 knockdown samples using RNA-Seq datasets in triplicates for each sample.
Minimum filters include quality control thresholds (minimum of five reads covering the
putative site with at least two reads supporting the editing event; filtering of reads that
contain indels or support an edit in the first or last two base pairs of a read). Stringent filters
applied to the APOBECL1 dependent C-to-U edited sites include all of the above and
additionally the magnitude of the control vector was at least 15 and the angle between the
wild-type and knockout vectors was at least 0.11 radians, as described in the paper
referenced in this section.

Enhanced Reduced representation bisulfite sequencing (ERRBS)

ERRBS library preparation, sequencing and read alignment was performed by the
Epigenomics Core Facility of Weill Cornell Medicine [epicore.med.cornell.edu/] as previously
described (Akalin, Garrett-Bakelman, et al., 2012; Garrett-Bakelman et al., 2015). The
procedure includes bisulfite conversion of the DNA. Libraries were sequenced with 50bp
single reads (SR) in HiSeq2500 (lllumina). Reads were aligned to a bisulfite converted
reference mouse genome with Bismark (Krueger & Andrews, 2011). The methylation context
for each cytosine was determined with scripts from the core facility.

Here coverage of specific genomic regions by ERRBS dataset, refers to the percent of
features (eg percent of promoters, CpG islands) that contain at least one CpG that is well
covered (> 10x). For gene specific annotations the mm10 UCSC knownGene annotations
from the UCSC table browser were used and for CpG islands the mm10 cpglslandExt track
of the UCSC table browser. Genomic features were defined as: CpG islands, CpG island
shores were defined as 2kb upstream and downstream of a CpG island; Gene promoters
(region 2kb upstream and 2kb downstream of the TSS), exons, introns and intergenic
regions.

Differential methylation analysis

MethylKit (v1.3.8) (Akalin, Kormaksson, et al., 2012) was used to identify differentially
methylated cytosines (DMCs) with g-value less than 0.01 and methylation percentage
difference of at least 25% after filtering ERRBS dataset by coverage, normalizing by median
and including CpG sites that are covered >10x, in 3 out of 5 biological replicates (lo.count =
10, lo.perc = NULL, hi.count = 1000, hi.perc = 99.9), (destrand=TRUE,min.per.group=3L).
eDMRs (v0.6.4.1) (Li et al., 2013) was used to empirically determine differentially methylated
regions, using the DMCs identified with methylKit. In order for a region to be defined as a
DMR, default parameters (num.DMCs=1, num.CpGs=3, DMR.methdiff=20) of eDMR were
used, so that each region has: (1) at least 1 DMC in the region, as determined using
methylKit, (2) at least 3 CpGs included in the region and (3) absolute mean methylation
difference greater than 20%. For a region to be defined as a significant DMR, default
parameters were used (DMR.gvalue = 0.001, mean.meth.diff = 20, num.CpGs = 5,
num.DMCs = 3) so that each significant DMRs has (1) 5 CpGs where at least 3 of them are
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significant DMCs as determined by methylKit (2) have a minimum 20% methylation change
for the region.

Chromatin immunoprecipitation method

C2C12s were plated at ~70% confluence 12 hours prior to inducing differentiation (seed
~2x1076 cells) maintained in DMEM (ATCC, 30-2002) with 10%FBS. This was followed by
media change to DMEM with 2% horse serum (Life Biotechnologies, 26050-088) to induce
differentiation. The cells (~5x1076 /10cm plate) were harvested at 24-hour or 34-hour after
inducing differentiation. They were fixed on plate with 1% PFA in PBS for 10 minutes at RT.
Glycine was added to a final concentration of 125mM. Cells were washed 2 times with 1x
PBS with protease inhibitor cocktail (Roche, 11836170001). They were lysed on the plate
with cold Farnham lysis buffer to ~10x1076 cells /mL (5mM PIPES pH 8.0, 0.5% NP-40,
85mM KCI,1mM EDTA, PIC) and incubated rotating for 15min at 4°C . Lysates were scraped
off the plates, pelleted and resuspended in LB2 (10 mM Tris pH 8.0, 200 mM NaCl, 1 mM
EDTA, 0.5 mM EGTA, PIC) and incubated rotating for 15 minutes at 4°C and then
centrifuged. Pellets were resuspended to 5x10/7 cells/mL in LB3 (10 mM Tris pH 8.0, 100
mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.1% sodium-deoxycholate, 0.5% sodium lauroyl
sarcosinate, PIC) until suspension was homogenized. Samples were then sonicated using
Covaris ultrasonicator model S220 for 15 minutes with the following settings: 140W peak
power, 5% duty, 200 cycles per burst. TritonX-100 to a final concentration of 1% was added
to the samples. Samples were clarified by centrifugation at 20,000 g for 10 minutes at 4°C.
The supernatant is the soluble chromatin extract. The soluble fragmented chromatin from
~2.5x1077 was used for each IP. For each IP 100ul Dynabeads (Thermofisher anti-rabbit
M280, 11203D) were mixed with 10ul polyclonal rabbit-APOBEC2 antibodies (gift from Alin
Vonica MD, PhD) incubating overnight (~16 hours). A magnetic stand was used to separate
beads from the lysate and beads were washed one time each with for 5min in: low salt wash
(0.1%SDS, 1%Triton X-100, 2 mM EDTA, 20 mM Tris pH8, 150 mM NacCl, PIC), high salt
wash (0.1%SDS, 1% Triton X- 100, 2mM EDTA, 20mM Tris pH8, 500mM Nacl, PIC), lithium
chloride wash (150mM LiCl, 1% NP-40, 1% NaDOC, 1mM EDTA, 10mM TrispH8, PIC), TE
wash (10mM Tris-HCI pH8, 1mM EDTA, 50mM NacCl, PIC). Beads were resuspended in 52
ul of elution buffer (50mM Tris-HCI pH8, 10mM EDTA, 1%SDS) and incubated at 30min at
65°C while shaking to prevent beads from settling. The eluate was transferred to a new tube,
inputs of the same volume were incubated for 8 hours at 65°C to reverse the crosslink. The
samples were treated with RNAse (Roche, 11119915001) for 1 hour at 37°C, and with
Proteinase K for 2 hours at 55°C. Fragmented DNA was purified with Ampure beads
(Agencourt AMPure XP beads A63881) as per the manufacturer’s instructions.

Chromatin immunoprecipitation sequencing and analysis

The ChIP-Seq included biological triplicates for each group. ChIP-Seq libraries were
prepared using NEBNext Ultra DNA Library Prep Kit as per manufacturer’s instructions.
Libraries were sequenced with 75 base pair single read sequencing on the NextSeq 500
(Mlumina). Read alignments and initial analysis were performed with the Bioinformatics
Resource Center at Rockefeller University. Single-end reads were aligned to mm10 genome
using the subread function in the Bioconductor Rsubread (Y. Liao et al., 2013) package and
bigWig files for visualization were generated from aligned reads using the Bioconductor
rtracklayer (Lawrence et al., 2009) and GenomicAlignments packages (Lawrence et al.,
2013). Quality metrics for the ChlP-Seq data were assessed using ChIPQC bioconductor
package (Carroll et al., 2014), according to Encyclopedia of DNA Elements (ENCODE)
working standards and guidelines for ChlP experiments (Landt et al., 2012). Reads mapping
to more than one genomic location were filtered prior to peak calling using Model-based
Analysis of ChIP-Seq (MACS2) (Feng et al., 2011; Zhang et al., 2008) with duplicate filtering
applied and input DNA sample as a control. Peaks that are reproducible (present in 2 out of
3) were filtered for known artifact or blacklisted regions (The ENCODE Project Consortium,
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2012). For each of the peaks a weighted mean location of peak summits cross biological
replicates is calculated (Yang et al., 2014). The list of binding regions 100 base pairs around
the mean peak summits was used for downstream analysis. Ngs.plot (v2.61) was used with
specific parameters (-G mm10 -D refseq -C -L 1000 -FL 150 -P 4 -SC 0,1 -GO none -RB
0.05) to generate average profiles of ChIP-Seq reads (Shen et al., 2014). ChiIPSeeker
(v1.14.2) (Yu et al., 2015) and ChlPpeakAnno (3.12.7) (Zhu, 2013; Zhu et al., 2010) were
used for downstream analysis after peak calling for annotation of the binding regions to the
nearest gene. We created an APOBEC2 occupied gene set, using genes that show
consistent APOBEC2 occupancy at both 14-hour and 34-hour time points. GSEA (v3.0)
(Subramanian et al., 2005) was used for testing the enrichment of the APOBEC2 occupied
gene set in the list of genes that are differentially expressed. Annotation files used:
BSgenome.Mmusculus.UCSC.mm10 (v1.4.0) org.Mm.db (v3.5.0) and
TxDb.Mmusculus.UCSC.mm10.knownGene.gtf.gz(v3.4.0).

Gene list analysis

Gene list analyses either by statistical overrepresentation test or statistical enrichment test
were done through PANTHER (Mi et al., 2019). Briefly, gene lists were filtered based on
expression (log2FoldChange, up- or downregulated at specific treatment and time point) and
p-adj values (FDR< 10%) and used as input in PANTHER gene list analysis. For statistical
overrepresentation tests of upregulated genes with A2 vs GFP shRNA, genes were filtered
based on log2FoldChange > 0.58 and FDR < 10% at each time point and used as input list
with Mus musculus (all genes in database) as reference/background list. Default parameters
were followed for the analyses and are indicated in the corresponding output. For

Prediction of binding motifs

Transcription factor motifs associated to 108 TF modules (Mariani et al., 2017) were mapped
against time-point specific sequences harboring APOBEC2, 200 base pairs centered on
peak summits. For each time point, we defined a background set of negative sequences
using scrambled regions of the positive sequences. Using both sequence sets of positives
and negatives, we assessed the presence of strong 8-mers associated to each of those 108
families and their ability to classify between APOBEC2 regions and negative sequences,
summarizing a Receiver-Operating Characteristic Area Under the Curve (ROC-AUC) for
each of those. Assessment of significance in each case was done using a Wilcoxon rank
sums test (one sided). P-values were corrected through a Benjamini-Hochberg procedure.

Enrichment of ChiP-seq peaks on APOBEC2 differentially expressed target genes

Using the ChIP-Atlas as a reference, we downloaded all datasets associated to myoblast or
C2C12 cells (N=54). For each dataset, we intersected ChIP-seq peaks from APOBEC?2 in
each timepoint and replicate (command fisher in bedtools), obtaining a 2 x 2 contingency
matrix. The number of overlaps was linked to the closest gene using 2000bp with respect to
TSS annotations in the mouse genome. The proportion of genes associated to a differential
expression comparison was done by dividing the number of APOBEC2 peaks proximal to a
DE-gene with a peak from a ChlP-Atlas dataset by the total number of DE-genes in that
comparison. This was repeated for each gene expression contrast. Mean log2 fold change
estimates for each ChlP-Atlas peak dataset were obtained by calculating the distribution of
log2 fold changes between non-target DE-genes and target DE-genes, in each time point,
using the three APOBEC2 ChlIP-seq replicates. With those, we calculated a global mean and
standard deviation across all ChIP-Atlas factors, reporting a Z-score for dataset, time point
and differentially expression comparison between APOBEC2 target and non-target genes.

BiolD samples preparation
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APOBEC?2 was cloned into pDEST-pcDNA5-BirA-FLAG N-term and pDEST-pcDNA5-BirA-
FLAG C-term (gifts from Dr. Anne-Claude Gingras). Stable FIp-In 293 T-REX cell populations
expressing inducible BirA-FLAG-APOBEC2 and APOBEC2-BirA-FLAG were generated by
transfection and hygromycin selection. Stable Flp-In 293 T-REXx cell lines with eGFP-BIrA-
FLAG and BirA-FLAG were gifts from Dr. Jean-Francois Cote (IRCM, Montreal, Canada).
BiolD samples were processed as described previously (Couzens et al., 2013).

BiolD MS Data analysis

Mass spectrometry was performed at the IRCM proteomics platform. Samples were injected
into Q Exactive Quadrupole Orbitrap (Thermo Fisher), and raw files were analyzed with the
search engines Mascot and XTandem! (Craig & Beavis, 2004) through the iProphet pipeline
(Shteynberg et al., 2011) integrated in Prohits (Liu et al., 2010), using the human RefSeq
database (version 57) supplemented with "common contaminants" from the Max Planck
Institute (http://maxquant.org/downloads.htm), the Global Proteome Machine (GPM,;
http://www.thegpm.org/crap/index.html) and decoy sequences. The search parameters were
set with trypsin specificity (two missed cleavage sites allowed), variable modifications
involved Oxidation (M) and Deamidation (NQ). The mass tolerances for precursor and
fragment ions were set to 15 ppm and 0.6 Da, respectively, and peptide charges of +2, +3,
+4 were considered. The resulting searches results were individually processed by
PeptideProphet (Keller et al., 2002), and peptides were assembled into proteins using
parsimony rules first described in ProteinProphet (Nesvizhskii et al., 2003) using the Trans-
Proteomic Pipeline (TPP). TPP settings were the following: -p 0.05 -x20 -PPM —d “DECOY”,
iprophet options: pPRIME and PeptideProphet: pP.

BiolD interactions scoring

The estimation of interactions scorings was performed on proteins with iProphet protein
probability = 0.9 and unique peptides = 2, by combining two algorithmic approaches :
SAINTexpress (Teo et al., 2014) (version 3.6.1) and DESeq (Anders & Huber, 2010). Two
biological replicates of APOCE2-BirA-FLAG and two of BirA-FLAG-APOBEC2 were jointly
compared to their respective negative controls. These controls comprised of pulldowns of
either the BirA*-Flag or the cytoplasmic EGFP-BirA*-Flag vector, each in 4 biological
replicates. The SAINT analysis was performed with the following settings: nControl:4 (2 fold
compression), nCompressBaits:2 (no bait compression). Interactions displaying a BFDR <
0.01 were considered statistically significant. We also used DESeq?2 (version 1.2.1335) an R
package that applies negative binomial distribution to calculate enrichments over controls.
DESeq was run using default settings and significant preys were selected by applying a <0.1
p-value cut-off. The combined list of significant preys obtained from DEseq and SAINT was
defined as potential APOBEC2 proximity interactors.

BiolD annotations and network analyses

Graphical representations of protein networks were generated with Cytoscape (Shannon,
2003) (version 3.7.2). The APOBEC?2 interactome was annotated with the Gene Ontology
Annotation database (Huntley et al., 2015) (GOA version 171) and the CORUM (Giurgiu et
al., 2019) protein complexes database (version 3.0). Network augmentations of our BiolD
screens was performed by extracting prey-prey interactions from the human BioGRID
(Chatr-aryamontri et al., 2017) network (version 3.5.176), and from Cytoscape’s PSICQUIC
built-in web service client (October 2019 release) after searching against the IntAct (Orchard
et al., 2014) and iReflndex (Razick et al., 2008) databases. Clusters were extracted by the
Markov CLustering Algorithm (MCL) from Cytoscape’s ClusterMaker2 (Morris et al., 2011)
application (version 1.3.1).

DNA editing detection
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We aligned all short reads from input and IP experiments to the mouse genome (GRCm38
EnsEMBL 90) using HiSAT v2.1.0 with default settings. We removed all non-unique mappers
and marked all read duplicates with picard.sam.markduplicates.MarkDuplicates (v 2.5.0). We
compared all samples to the reference genome using JACUSA v1.2.4 in call-1 mode with
program parameters: call-1 -s -¢c 5 -P UNSTRANDED -p 10 -W 1000000 -F 1024 --
filterNM_15-T 1 -a D,M,Y -R. Diverging positions are reported if the LLR ratio exceeds 1.0.
Briefly, read count distributions at every genomic position (coverage >5) are contrasted with
the expected read count based on the reference base. For the pairwise comparison of all
input samples stratified by conditions, we used JACUSA v.1.2.4 in call-2 mode with program
parameters: call-2 -s -¢c 5 -P UNSTRANDED,UNSTRANDED -p 10 -W 1000000 -F 1024 --
filterNM_1 5 --filterNM_2 5 -T 1 -a D,M,Y -u DirMult:showAlpha -R. Briefly, read count
comparison from replicate input samples are contrasted with one another: A2 shRNA
knockdown vs GFP shRNA knockdown. Diverging positions are reported if the LLR ratio
exceeds 1.0.

Recombinant mouse APOBEC2 production

Bac-to-Bac Baculovirus expression system (ThermoFisher) was used for generating
recombinant N terminal His tagged mouse APOBEC?2 bacmid DNA and virus was generated
by transfection into Sf9 cells. Mouse His tagged APOBEC?2 was expressed in High-Five
insect cells by infection of recombinant baculovirus. High-Five cells were harvested 48 hours
after infection. Protein purification was carried out at 4°C. The cells were harvested by
centrifugation at 7,500 x g and 4 °C and lysed with a cell disrupter (Avestin) in a buffer
containing 20 mM Tris, pH 8.0, 300 mM NacCl, 5 mM B-mercaptoethanol, 0.5 mM
phenylmethylsulfonyl fluoride (Sigma), 2 pM bovine lung aprotinin (Sigma), and complete
EDTA-free protease inhibitor mixture (Roche). After centrifugation at 35000 g for 45 minutes,
the cleared lysate was loaded onto an Ni-NTA column (Qiagen) and eluted with an imidazole
gradient. Protein-containing fractions were pooled, dialyzed against a buffer containing 20
mM Tris, pH 8.0, 100 mM NaCl, and 5 mM DTT. Protein was bound to a heparin column (GE
Healthcare) and eluted with an NaCl gradient. Protein-containing fractions were pooled,
concentrated, and purified on a HiLoad Superdex 200 16/60 gel filtration column (GE
Healthcare) in a buffer containing 20 mM Hepes, pH 7.5, 150 mM NacCl, and 0.5 mM Tris(2-
carboxyethyl)phosphine (TCEP).

Electromobility shift assay (EMSA)
Oligonucleotides (oligos) were ordered from Sigma-Aldrich:

SP1 oligo F: GGC GGC GCG GCC CCG CCC CCT CCT CCG GC
SP1 oligo R: GCC GGA GGA GGG GGC GGG GCC GCG CCG CC
GC oligo F: CCT CCC GCA CCG TCC CCG GCC CCT GGC AA
GC oligo R: TTG CCA GGG GCC GGG GAC GGT GCG GGA GG
STAT3 oligo F: CTC CTC CCACTT CCT AGAAGATCC GCCTT
STAT3 oligo R: AAG GCG GAT CTT CTA GGA AGT GGG AGG AG

Single-stranded (ss) oligos were labeled with [y-32P] ATP and annealed with complementary
oligos to form double-stranded (ds) oligos. Specified recombinant protein, mouse APOBEC2,
human SP1 (Sigma, SRP2030), or mouse AID (Enzymax), and ss or ds oligos were mixed in
binding reaction buffer (50 mM KCI, 10 mM HEPES, 5 mM MgCl, 5% glycerol, 100 ng
poly(dl-dC) and 5 mM DTT) for 40 minutes at room temperature. An equal volume of 50%
glycerol was added to the reactions before running on 5% Criterion TBE gel (3450048, Bio-
Rad) with 0.5X TBE buffer (1610733, Bio-Rad) for 1.5 hours at 90 volts with the tank
submerged on ice. Gels were then dried and imaged with a phosphorimager system.
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Figure 1: APOBEC?2 expression is required for myoblast differentiation, and loss of
APOBEC2 leads to gene expression changes.

a) C2C12 lysates in DM at day O to 4 were analyzed by Western blot. MyHC (myosin heavy
chain) and TroponinT were used as markers of late differentiation; aTubulin, as loading
control.

b) C2C12s were fixed and immunostained using an antibody specific to MyHC (red), DAPI
(cyan) was used to stain for DNA. Scale bar = 50 pm. Line plot shows quantification of fusion
index. Statistics: t test. Six fields of view were measured, and data is shown as means. Error
bars indicate SD (n=3), *p < 0.05.

¢) Number of differentially expressed genes (DE-genes) between APOBEC2 knockdown
(A2 shRNA) relative to GFP shRNA control. Colors indicate up- (red) and down-regulated
(blue) genes. A false discovery rate (FDR) cutoff of 10% was used to determine DE-genes.
Dark red and blue indicate newly differentially expressed genes at a given time point.
Common GO Biological Process terms across day 0 to 2 from statistical enrichment test
ranking genes by log2FoldChange (see Supplementary File 1 for complete output tables of
the tests).
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Figure 2. APOBEC2 ChIPSeq in differentiating C2C12 myoblasts.

a) The mean normalized APOBEC?2 signal (plotted as read counts per million mapped reads)
across all annotated genes. This plot shows the global differences in APOBEC2 binding
between the two time points in TSS. Both time points are in biological triplicates.

b) Genomic annotations of APOBEC?2 consensus binding regions in each of the time points
(14- and 34-hour). Binding regions are annotated based on genomic feature. The priority of

assignment to a genomic feature when there is annotation overlap is: Promoter (2kb around
the TSS), 5’ UTR, 3' UTR, Exon, Intron, Downstream (within 3kb downstream of the end of

the gene).

¢) The Venn diagram represents the number of genes that have APOBEC2 occupancy on
their promoters at 14- and 34-hour time points. The genes that show consistent APOBEC2
occupancy in their promoters at both time points were used to create an
APOBEC2_OCCUPIED gene set as shown in the Venn diagram. Gene set enrichment
analysis (GSEA) (Subramanian et al., 2005) was used to test the enrichment of the
APOBEC2_OCCUPIED gene set in the list of genes that are differentially expressed through
differentiation (top right graph) or the ones that are differentially expressed due to APOBEC2
knockdown at day 2 (bottom right graph). The enrichment profile over the whole ranked gene
set is shown in green with normalized enrichment score (NES) and FDR values. Gene hits
are shown as black lines. A positive NES indicates gene set enrichment at the top
(positive/up fold change) of the ranked list; a negative NES indicates gene set enrichment at
the bottom (negative/down fold change) of the ranked list.

d) Expression changes for genes in control (GFP control shRNA) and A2 knockdown (A2
shRNA) C2C12 during differentiation. Genes are grouped by the presence of an APOBEC2
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ChlIP-seq peak nearby Transcription Start Sites (TSS) at not more than 2000bp from it, or
genome wide background (others). Asterisks indicate adjusted P values, by two-sided t-test
corrected using Benjamini Hochberg procedure (***=0.001).
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Figure 3. APOBEC2 binding at specific transcription factor DNA motifs.

a) Enrichment of 8-mers associated to 19 known transcription factors specificities (motifs) in
APOBEC2 ChlP-seq regions, compared against negative genomic regions (Methods).
Receiver Operating Characteristic Area under the Curve (ROC-AUC, circle sizes) values are
descendently sorted on the y-axis by minimum adjusted P value observed in both time points
(color). All 18 shown transcription factors are significant on at least one time point (adjusted
P value < 0.1, using one-sided Wilcoxon rank sum test and Benjamini-Hochberg correction.
Red circles). Right barplot indicates maximum ROC-AUC value, row-wise. Right sequence
logos depict unsupervised alignment of all 8-mers referred to that transcription factor motif
(Mariani et al., 2017).

b) Electrophoretic mobility shift assay (EMSA) of recombinant APOBEC2 on either ss or ds
SP1 DNA probe competed with corresponding cold (unlabeled) probe at 5X or 25X excess.

¢) EMSA of recombinant APOBEC2 on a SP1 DNA motif with increasing amounts of
recombinant APOBEC2.


https://doi.org/10.1101/2020.07.29.223594
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.29.223594; this version posted July 29, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

d) EMSA of recombinant APOBEC2 on a SP1 DNA motif with cold competitor and mutant
APOBEC?2 E100A (E100A). Cold SP1 competitor lanes include an excess of unlabeled SP1
probe: 5X, 25X, and 100X excess.


https://doi.org/10.1101/2020.07.29.223594
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.29.223594; this version posted July 29, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

®

2 % A2 target genes
g SIN3B- ®@ © @ -0 o ® o wIlhcrg-fatg:lor
. - 2 1
g SIN3A- O O O Q o 3
P HDAC1-O O -0 O @ 10
E— 1 1 1 1 1 1 1 1 1 1
5 + -+ - + -+ = - - © 100
Gd1vs. A2«d1vs. Gd2vs. G-d2vs. A2-d2vs. ———m
G-d0 G-d1 G-d1 G-d0 G-d2 5 b O b
A7 0 47
14h 34h 7 50010

b BiolD: APOBEG2-HDAC co-repressor complex € APOBEC2-HDAC1 ColP: o

U s 8 8
'y « i o
ol S 3
® 8. - — APOBEC2Z2
¥ MGA
° v&!,;&. o — HDAC1
A [ )
ER400
MIA2 |
AT d Transcription ON:
ch] A
Transcription OFF:

X?w < iy

_Lwl_v

Figure 4. APOBEC2 recruits the HDAC1 co-transcriptional repressor complex.

a) Enrichment of APOBEC2 target genes with differential expression for HDAC1 complex
ChiP-seq peaks. Circles sizes indicate fraction of differentially up- (+) or down- (-) regulated
genes with ChlP-seq peaks for SIN3B, SIN3A and HDAC1 (for all factors see
Supplementary Figure 7). Z-scores are calculated by comparing the proportion of
differentially expressed genes with peaks for a factor between APOBEC?2 target genes and
all other genes. (left) 14 h = APOBEC2 target genes at 14-hour ChlP-Seq time point (three
replicates) and (right) 34 h = APOBEC2 target genes at 34-hour time point (three replicates).
Differential gene expression comparisons are labels for GFP shRNA samples (G) or
APOBEC2 shRNA (A2) at days 0, 1, and 2 (dO, d1 and d2, respectively). Circles are bold
when observed Z-scores are greater than 1.0.

b) HDAC co-repressor complex cluster identified from protein-protein interactions of
APOBEC2 taken from proximity-dependent protein biotinylation (BiolD). Each red node
corresponds to a protein that was identified through BiolD mass spectrometry to interact with
APOBEC2. The grey edges denote the known interactions of these proteins with each other.
SIN3A and HDAClenriched at APOBEC2 occupied genes are highlighted with a blue circle
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(see a). This is one cluster among several identified clusters from the total 361 identified
proteins APOBEC interacts with (see Supplementary Table 2).

¢) Co-immunoprecipitation (Co-IP) of APOBEC2 with HDAC1 in C2C12 myoblasts
differentiated to myotubes for 4 days. Nuclear protein lysates (Input) were incubated with
beads conjugated to either APOBEC2 antibody (A2 IP) or IgG isotype control antibody (Ctrl
IgG IP). Proteins were then eluted, ran on an SDS-PAGE gel, and blotted with APOBEC2 or
HDAC1 antibodies.

d) Proposed molecular function of APOBEC?2 as a co-transcriptional repressor complex that
acts on active/open chromatin to repress transcription through HDACL1 histone deacetylation
during myoblast differentiation.
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Supplementary Figure 1:

a) Whole cell extracts of mouse wildtype (wt) C2C12 myoblasts and myotubes were analyzed
by Western blotting using anti-APOBEC?2 antibodies. MyHC and TroponinT were used as
markers of late differentiation, alpha-tubulin was used as loading control.

b) C2C12 cells were cultured in differentiation medium for 0, 2 and 5 days, fixed, and stained
with antibody to MyHC (red). Nuclei were visualized by DAPI staining (blue). Below the
guantification of differentiation expressed as fusion index, which is the percentage MyHC-
positive myotubes with >2 nuclei. Results are presented as means from quantification of at least
6 images/sample. Error bars indicate SD. Scale bar = 50 um.
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Supplementary Figure 2:

a) Candidate C-to-U RNA editing sites called from APOBEC2 knockdown samples, control
(GFPsh) at day 0, 1, and 2 in DM in C2C12s and wild-type and APOBEC1-/- macrophages
(positive control). Hits (H) represent candidate editing sites present in control (GFPsh) but not in
APOBEC2 knockdown dataset (in positive control hits are the # of sites in APOBEC1-/-
dataset.) Inverse hits (IH) represent putative edited sites yielded when the inverse comparison
is made, thus edit sites present in the APOBEC2 knockdown dataset but not in the control
(GFPsh) (for the positive control edit sites that are present in APOBEC1-/- dataset but not in
wild- type). Data are represented as means + SD using outputs of 3 RNA-Seq datasets.

b) Methylation changes across all the represented promoters in the ERRBS dataset compared
with the expression changes of the same genes in RNA-Seq dataset. Shown here are datasets
from the day 2 timepoint. R = Pearson’s correlation coefficient.

c) Distribution of DNA methylation frequencies in C2C12s as determined by ERRBS for
individual CpGs, CpG islands and promoters. Promoters are defined at -/+ 2Kb around the TSS
in Ensemble annotations. CpG islands were taken from the cpglslandExt track of the UCSC
table browser. Violin plots represent the distribution of DNA methylation frequencies for each
feature. Median and first and third quartiles are shown with the box plots.
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Supplementary Figure 3:
a) Immunostaining of APOBEC2 (magenta) and DAPI-positive (blue) nuclei in C2C12 cultured
for 5 days in DM. Scale bar = 50 pum.

b) The NaCl-elution profiles of endogenous Apobec2 and histone H4 are shown. alpha-tubulin is
a cytoplasmic marker. The amount of indicated proteins in eluates was measured by Western
blotting.
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Supplementary Figure 4: DNA Editing in APOBEC2 knockdown versus control (GFP
shRNA)

Pairwise heatmap - This is a head-to-head comparison of variant positions between the 2 input
sample sets. The symmetry of the heatmap indicates that there is no preference for a
unidirectional base substitution process.
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Supplementary Figure 5: APOBEC2 EMSA

a) Fast protein liquid chromatography (FPLC) profile (Superdex 75 10/300 GL, GE Healthcare)
of recombinant 6x-His-APOBEC2 produced in High Five (Thermo) insect cells.

b) Lanes 1 to 9: EMSA using purified recombinant APOBEC2 and SP1 on 10 nM SP1 oligo
probe. Binding on labeled ds SP1 probe was competed with excess unlabeled ss SP1 or ds
SP1 probe corresponding to 5X, 25X and, 100X excess. Lanes 10 to 17: EMSA using purified
recombinant SP1 and AID on 10 nM ss or ds SP1 probe.

c) Boxed in dashed lines (lanes 1 to 7; 13 to 16) are presented in Figure 3d. Lanes 8 to 12:
EMSA using purified recombinant APOBEC2 and SP1 on 10 nM SP1 oligo probe competed with
either ds STAT3 probe (5X, 25X and 100X excess) and GC-rich motif (GC) probe (5X and 25X
excess).

d) EMSA using purified recombinant APOBEC?2 on either 10 nM ss or ds GC probe with
decreasing amounts of APOBEC2, 47 to 6 uM, and BSA alone.
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Supplementary Figure 6: APOBEC2-SP1 ColP

Nuclear lysate from C2C12 cells differentiated for 4 days was applied to beads conjugated with
anti-APOBEC2 antibody. Input represents 5% of amount used for ColP. A2 IP (APOBEC2
antibody beads) or Ctrl IgG (isotype control antibody beads) represents eluate from the

respective ColP. Immunoblots were stained with SP1, HDAC1, and APOBEC?2 antibodies. FT:
flow through from beads representing unbound protein.
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Supplementary Figure 7: Co-enrichment at APOBEC2 ChlIP-seq peaks

Enrichment of APOBEC2 target genes with differential expression for HDAC1 complex ChiIP-
seq peaks. Circles sizes indicate fraction of differentially up- (+) or down- (-) regulated genes
with ChIP-seq peaks for all ChIP-Seq antigens. Z-scores are calculated by comparing of the
proportion of differentially expressed genes with peaks for a factor between APOBEC2 target
genes and all other genes. (left) 14 h = APOBEC2 target genes at 14-hour ChIP-Seq time point
(three replicates) (right) 34 h = APOBEC2 target genes at 34-hour time point (three replicates).
Differential gene expression comparisons are labels for GFP shRNA samples (G) or APOBEC2
ShRNA (A2) at days 0, 1, and 2 (dO, d1 and d2, respectively). Circles are bold when observed Z-
scores are greater than 1.0.
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Supplementary Figure 8: BiolD GO Enrichment Map
Gene ontology enrichment map based on APOBEC2 BiolD hits. Gene ontology terms are
clustered by molecular function.
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