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Cell lineage specification is accomplished by a concerted action of chromatin remodeling

and tissue-specific transcription factors. However, the mechanisms that induce and maintain
appropriate lineage-specific gene expression remain elusive. Here, we used an unbiased
proteomics approach to characterize chromatin regulators that mediate the induction of neuronal
cell fate. We found that Tip60 acetyltransferase is essential to establish neuronal cell identity
partly via acetylation of the histone variant H2A.Z. Despite its tight correlation with gene
expression and active chromatin, loss of H2A.Z acetylation had little effect on chromatin
accessibility or transcription. Instead, loss of Tip60 and acetyl-H2A.Z interfered with H3K4me3
deposition and activation of a unique subset of silent, lineage-restricted genes characterized

by a bivalent chromatin configuration at their promoters. Altogether, our results illuminate the
mechanisms underlying bivalent chromatin activation and reveal that H2A.Z acetylation regulates
neuronal fate specification by establishing epigenetic competence for bivalent gene activation and
cell lineage transition.
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eTOC Blurb

Janas et al. report that Tip60 acetyltransferase is essential for neuronal cell fate specification. The
study reveals that one of the functions of Tip60 during neuronal induction is the acetylation of
histone variant H2A.Z, which promotes H3K4me3 deposition and bivalent gene activation, thus
establishing epigenetic competence for cell lineage transition.
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Introduction

The emergence of new cell fates during development results from dynamic gene expression
changes driven by a complex interaction of tissue-specific transcription factors (TFs) with
the chromatin and chromatin regulators. The instructive role of TFs in establishing new
transcription and epigenetic programs has been emphasized by reprogramming experiments,
such as induction of pluripotent stem cells, neurons, hepatocytes, hematopoietic cells and
others, from non-related cells upon the expression of TFs®. While alone not instructive,
chromatin modulating factors are essential to facilitate and enable the transcriptional output
of TF-chromatin binding events2->. It is chromatin factors that create the fluidity and
complexity of the chromatin, which greatly influences TF recruitment and site-specific
activity of the transcriptional machinery®.

With regards to neuronal cell fate specification many classes of TFs have been investigated
in detail”:8. Among them proneuronal basic helix-loop-helix (0HLH) TFs have emerged

as most prominent and powerful neuronal inducers. Proneuronal bHLH factors, such

as Neurogenin2 (Ngn2) and Ascll, oppose the effects of the Notch pathway and its
downstream HLH factors, like Hesl and Hes5, and induce the differentiation of dividing
ventricular zone (VZ) neural progenitor cells (NPCs) by activating the neuronal transcription
program®12. Intriguingly, the Notch/proneural factor balance is accomplished through
oscillation of Hes1 in VZ progenitors, which inhibits Ascll by triggering its anti-phasic
expression and thus creating a poised state for differentiationl3. Accordingly, bHLH factors
like Ascll are so potent that they can induce functional neurons (so-called induced neuronal
(iN) cells) from unrelated lineages, such as fibroblasts1#:15, In this context, Ascl1 acts

on the top of a hierarchical mechanism as an ‘on target’ pioneer factor that binds to

its physiological target sites on closed chromatin initiating rapid local and genome-wide
chromatin changes®17. However, how the proneural bHLH factors initiate chromatin
changes that ultimately lead to the activation of the neuronal transcription program and

cell identity, remains unclear.

Nucleosomes are central to chromatin-TF interactions that allow for cell-type specific

gene regulation. Much of their functional diversity is conferred by histone variants and

their dynamic regulation by post-translational modifications (PTMs). The histone variant
H2A.Z emerged as essential for lineage commitment by playing many diverse and often
opposing functions in gene regulation1819, The contrasting roles of H2A.Z are attributed to
its modulation by PTMs. As such, for instance, acetylation of H2A.Z (H2A.Zac) was shown
to correlate with active transcription, whereas its ubiquitination is thought to associate with
gene repression!®19. In Saccharomyces cerevisiae, the yeast orthologue of H2A.Z, Htz1,

is acetylated by NuA4 lysine acetyltransferase (KAT)20-21, The mammalian orthologue of
NuA4, Tip60/Katb, is a member of MYST family of KATs and is primarily recognized
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for targeting core histones H4 and H2A, including in the neuronal tissues?2-27. Increasing
evidence suggests a link between Tip60 and acetylation of H2A variants, including
H2A.Z28-31 However, the direct role of acetylation and its contribution to H2A.Z function
during gene regulation and cell fate specification has not been addressed.

Here, we set out to identify the key chromatin remodeling complexes that are recruited

by proneural TFs to activate chromatin and enable neuronal cell fate specification. We
found Tip60 acetyltransferase as critically required for neuronal induction during direct
lineage conversion and neuronal differentiation. The mechanism by which Tip60 mediates
neuronal specification involves acetylation of histone variant H2A.Z. Remarkably, H2A.Zac
is dispensable for overall function of H2A.Z in regulating active transcription and chromatin
structure. Instead, it is selectively required for the activation of a subset of silent, lineage-
restricted genes marked by bivalent chromatin signature.

Results

Identification of a neuronal lineage-determining transcription factor interactome

To identify the key chromatin factors that establish neuronal identity we determined the
protein-protein interaction (PPI) network of the three proneuronal TFs, Ascll, Brn2, and
Myt1l, using three experimental approaches (Figure S1A-B). First, we used the well
characterized G-LAP-Flp targeting system to purify LAP-tagged (EGFP-TEV-S-peptide-
tagged) versions of the three TFs from T-Rex " HEK293 cells32. Second, we identified
proteins that associate with the three factors directly in MEFs, since their combined
expression induces neuronal identity in this cell typel®. Here, we employed in parallel
BiolD proximity labeling and tandem affinity purification using BirA- or FLAG/His’-tagged
TFs, respectively (Figure 1A, SLA-B)33. Mass spectrometry analysis of isolated protein
complexes revealed that each factor co-purified with several hundred proteins (Figure S1A,
Table S1). All three factors shared a pool of interacting partners representing a candidate
set of common co-regulators of neuronal specification (Figure S1C). Among the proteins
identified in the screens were proteins previously reported to interact with Ascll (e.g.
Tcf3-12 or Huwe1)3435 Mytil (e.g. Sin3b)36 and Brn2 (e.g. Yap1)3’. Majority of the hits,
however, are new candidate binding proteins.

The neuronal specification protein network contains multiple acetyltransferases

To explore our datasets and interrogate functional connections among the candidates we
supplemented the mass spectrometry results with known interactions from the BioGRID
database38. We assembled the resulting dataset into an interactome map using Cytoscape3,
thereby obtaining a high-confidence neuronal fate specification network composed of ~800+
proteins (see also Methods). Gene ontology (GO) enrichment analysis revealed that the
network proteins could be grouped into multiple functional modules (Figure 1B, Table

S2). One of the larger modules (294 proteins) was enriched in GO terms associated with
histone acetylation. Given the link between acetylation and gene activation we decided

to explore the potential role of this group of candidates in neuronal induction. Notably,
thirty of the proteins in this cluster were either acetyltransferases or subunits of specialized
multiprotein acetyltransferase complexes (Figure 1C). Among these, three of the MYST
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lysine acetyltransferases, Tip60/Kat5, Hbol/Kat7 and Mof/Kat8, drew our attention in
particular (Figure 1D). The MYST proteins have been critically implicated in regulating
multiple aspects of mammalian development?>:26:40-46 and several of them, including Tip60
and Mof, were linked to neurodevelopmental disorders, including cerebral malformations
and intellectual disability?347. As little is known about the role of these proteins in cell fate
transition, we decided to explore their function in neuronal induction.

Tip60 is a general gate keeper of neuronal cell identity

To investigate the functional involvement of MYST acetyltransferases in neuronal
specification we analyzed how RNAi-mediated depletion of Tip60, Mof and Hbol impacts
Ascl1’s ability to induce neuronal identity in TauGFP reporter MEFs (Figure 1E-F). Five
days following Ascl1 expression the TauGFP induction in cells co-transduced with Hbol
and Mof shRNAs was comparable to TauGFP induction in the control cells (Figure 1E).

In contrast, knockdown of Tip60 resulted in a striking, ~80% reduction in TauGFP* cells

on day 5, and absence of MAP2* neurons on day 14 of neuronal induction (Figure 1E,
Figure 2A-C). RNAi-mediated knockdown of several other subunits of the NuA4/Tip60
complex detected in affinity purification and BiolD experiments impaired the induction of
TauGFP to a similar degree (Figure 1G and S1D), suggesting a requirement for NuA4/Tip60
complex for neuronal fate specification. Introduction of 7/P60 cDNA that is resistant to
Tip60 RNA. restored Ascl1-mediated neuronal induction in the knockdown cells (Figure
S2A-D). To further validate the RNA. effects, we generated a Tip60 conditional knockout
(cKO) mouse (Figure S2E-H). Indeed, Cre-mediated deletion of Tip60 in cKO fibroblasts
impaired the generation of neurons in response to Ascl1 (Figure S21). Tip60 knockdown did
not inhibit lentiviral expression of Ascll, which instead remained increased throughout the
reprogramming (Figure 2B)*8. Higher efficiency reprogramming systems, such as those that
include Brn2 and/or Myt1l in addition to Ascl1, or those that comprise factor combinations
without Ascl11416.17 3| failed to override the reprogramming block imposed by Tip60
depletion (Figure 2D-H). Additionally, knockdown of Tip60 in Ascll-inducible mouse
embryonic stem (MES) cells prevented the formation of neurons also in this system, even
though TF-mediated differentiation is extremely efficient and robust in pluripotent stem cells
(Figure S2J-M)*9. Notably, knockdown of Tip60 also impaired the conversion of fibroblasts
into muscle-like cells by MyoD1 TF, suggesting that Tip60 function in fate specification is
not restricted to neuronal lineage (Figure S2N-P). Finally, we found that Tip60 is needed for
physiologic neuronal differentiation from embryonic neural precursor cells (NPCs) (Figure
21-N). Thus, Tip60 function constitutes a requirement for neuronal fate specification and
perhaps for cell fate transition in general.

Tip60 depletion affects early steps of neuronal induction

To distinguish at which stage the Tip60 knockdown perturbs neuron formation, we took
advantage of an inducible CRISPR/Cas9 system, which relies on the reversible regulation
of destabilizing domain (DD)-Cas9 fusion protein by the Shield-1 ligand, to deplete Tip60
at different times during neuronal induction (Figure S3A-C)%0. We tested the effects of
various three day-long periods of Shield-1 treatment (Figure S3D). Tip60 depletion during
the first three days blocked TauGFP induction and generation of TUJ1* neurons (Figure
S3E-G). However, as the Shield-1 treatment was progressively delayed, the impact of Tip60
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inactivation on neuron formation became less severe, with day 10 treatment having no
apparent effects (Figure S3E-F). Late and continuous inactivation of Tip60 did not affect
neuronal stability when analyzed at day 21 post-induction, i.e., 11 days after Tip60 depletion
(Figure S3E-F). This suggests that the major role of Tip60 is at the initial steps of the cell
identity transition, as opposed to maturation and maintenance of already formed neurons.

Given the reported involvement of Tip60 in regulating cell viability and proliferation26:51-54,
we investigated whether Tip60 effects on these parameters could explain the lack of neuron
formation. The block in TauGFP was observed as soon as 48h post-induction (Figure S3H-
J). Up to that point, however, we did not observe Tip60-dependent changes in apoptosis,
with increased Annexin V staining detected only at day 5 (Figure S3H-J). Loss of Tip60 was
reported to lead to a complete cell cycle arrest in actively dividing cells®®. Tip60 depletion
in our system also caused a decrease in the fraction of Ki67™" cells, suggesting an accelerated
cell cycle exit (Figure S3H). However, BrdU incorporation and DNA content analysis

at different times of neuronal induction revealed no significant differences in cell cycle
phase distribution between the control and Tip60-deficient cells up to day 5 of neuronal
induction (Figure S3K). Importantly, under the culture and viral transduction conditions
used during reprogramming, both the control and Ascl1-transduced MEFs ceased to cycle
nearly completely. This suggests that any possible cell cycle-related effects of Tip60 are
largely concealed in our system. Furthermore, pan-cyclin inhibitor SU9516 treatment, which
mimics the increased cell cycle exit rate®156:57, resulted in an increase in TauGFP™ cells

in control, but had no effect on neural induction in Tip60 depleted cells (Figure S3L). We
therefore concluded that the effects of Tip60 on cell survival or proliferation could not fully
explain the neuronal induction failure.

Tip60 relies on its acetyltransferase activity and chromodomain to promote neurogenesis

Next, we sought to understand the mechanism of Tip60 function. To this end we introduced
a series of point or deletion mutations disrupting specific Tip60 domains to test whether
the mutant proteins could rescue Tip60 knockdown effects (Figure 3A, see also Methods).
After confirming that the mutant proteins were stable and localized to the nucleus (Figure
S4A-B), we co-expressed them with the control or Tip60 shRNAs in Ascl1- or Brn2/Ascl1/
Mytll-expressing cells. Only mutations disrupting acetyltransferase- or chromo- domains
abrogated Tip60 function and conferred dominant-negative effects on Tip60 in the absence
of RNAI (Figure 3A-B and S4D-F). Notably, Tip60’s chromodomain has been postulated
to mediate binding to methylated histone tails24:58, suggesting that Tip60 exerts its primary
function during neuronal specification by recruitment via its chromodomain and acetylation
of target proteins on chromatin.

H2A.Z acetylation is critical for neuronal specification and is mediated primarily by Tip60

We next sought to identify Tip60 targets relevant for neuronal induction. To date, many non-
histone and histone proteins have been shown to be substrates of Tip60. Among histones,
H4 and H2A were suggested as primary Tip60 targets in yeast and mammals®3:59.60,
Accordingly, we observed a subtle, but reproducible decrease in acetylation of histone H4
and H2A upon Tip60 RNAI, while H3 acetylation remained largely unaffected (Figure S5A-
B). However, while exploring additional candidate substrates, we found that Tip60 depletion
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resulted in a nearly complete, global loss of H2A.Zac (Figure 3C-E and S5C). These striking
results were confirmed in Tip60 cKO cells (Figure S5D-E). H2A.Zac was dependent on
Tip60 also in other cellular contexts, including primary NPCs and mES cells (Figure 3F
and S5F). Notably, NuA4/Tip60 complex has another biochemical activity involved in the
regulation of H2A.Z that is encoded by Ep400 ATPase, an enzyme responsible for H2A.Z
deposition through histone exchange®?. Knockdown of Ep400 resulted in a strong H2A.Zac
decrease (Figure S5G-H), consistent with the notion that intact NuA4/Tip60 is required for
proper H2A.Z regulation and neuronal induction. Recombinant Tip60 directly acetylated
H2A.Z in a dose- and acetyl-CoA-dependent manner in vitro (Figure 3G). In contrast

to wild type (WT) Tip60, loss of H2A.Zac could not be restored by acetyltransferase-
deficient mutant of Tip60 (Figure 3D-E). The chromodomain mutant was only partially
effective in restoring H2A.Zac, suggesting that the chromodomain-mediated recruitment of
Tip60 to chromatin may facilitate histone acetylation (Figure 3D-E)24:58, Given that the
expression of other key KATs was unaffected (Figure S51), we concluded that Tip60 is the
acetyltransferase responsible for the bulk of the H2A.Zac.

Next, we explored the function of H2A.Zac in neurogenesis. The induction of neuronal fate
is accompanied by an increase in H2A.Zac that persists throughout the neuronal induction
(Figure 4A-B). Accordingly, the level of H2A.Zac in TauGFP* cells was significantly
higher than that found in TauGFP™ cells, demonstrating dynamic regulation of H2A.Zac
during the establishment of neuronal identity (Figure 4C-D). H2A.Z RNA. exerted a dose
dependent inhibitory effect on neuron formation (Figure 4E-F and S5J). To assess the role
of H2A.Zac, we generated an acetylation-resistant H2A.Z (H2A.ZKR) by mutating all five
of H2A.Z’ N-terminal lysines to arginines (Figure 4G)62. Both H2A.ZWT and H2A.ZXR
expressed at similar levels and were efficiently incorporated into chromatin (Figure 4H

and S5K). Ectopic expression of H2A.ZWT and H2A.ZXR resulted in a decrease in the
amount of endogenous H2A.Z, suggesting that overexpressed H2A.Z effectively competed
with endogenous protein on chromatin (Figure 41). Importantly, this genomic incorporation
of H2A.ZKR significantly impaired the formation of neurons (Figure 4J-K). Thus, H2A.Z
acetylation mediated by Tip60 is essential for proper neuronal cell fate specification.

Tip60 and H2A.Zac primarily mark promoters and are dynamically regulated during
neuronal differentiation

To begin exploring how Tip60-mediated H2A.Zac induces lineage specification, we used
Cut&Tag to obtain genome-wide occupancy profiles of Tip60, H2A.Z and H2A.Zac (Figure
S6). In fibroblasts, Tip60 and H2A.Zac showed highest enrichment at active promoters,
in contrast to H2A.Z sites with no overlapping H2A.Zac (Figure S6A-C). Consistent with
our functional results, most of the Tip60 peaks overlapped with H2A.Zac (10,652 out of
11,865 peaks) (Figure S6D). Genomic sites with both Tip60 and H2A.Zac enrichment
(the Tip60*/H2A.Zac" sites) were highly enriched at transcription start sites (TSSs), in
contrast to Tip60*/H2A.Zac™ and Tip60~/H2A.Zac™ peaks (Figure S6A-B). The ~2/3 of
H2A.Zac peaks that showed no significant Tip60 co-enrichment displayed significantly
lower acetylation levels and marked predominantly non-TSS regions (Figure S6A and
S6E-left). Their enrichment also decreased upon Tip60 knockdown (Figure S6E-right),
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suggesting that Tip60 may be below the detection level at these sites, or another KAT
contributes to weaker H2A.Z acetylation28:63,

Neuronal induction led to substantial rearrangements of Tip60, H2A.Z and H2A.Zac
occupancy. In line with our immunoblotting results, the number of H2A.Zac peaks increased
with neuronal differentiation (Figure S6F-G). Over 85k genomic loci changed enrichment
of H2A.Z and/or H2A.Zac by day 5 post-Ascll induction (Figure S6G-H). 7% (6093) of

all changes occurred at TSS’s, with a change in H2A.Zac/H2A.Z ratio marking changes in
expression of 1038 genes (Figure S61).

Tip60 RNAI did not have a substantial effect on global H2A.Z distribution: we failed to
identify genomic sites that have significantly changed H2A.Z enrichment upon Tip60 RNAI
in day 2 Ascl1-iN cells (fc=2, padj<0.05). Accordingly, the average enrichment of H2A.Z at
Tip60 binding sites remained unaffected by Tip60 RNAI (Figure S6J). This further suggests
that under our experimental conditions Tip60 inactivation did not appreciably disrupt the
H2A.Z incorporation activity assigned to other subunits of the NuA4 complex51.64,

Across all conditions, enrichment of H2A.Zac and Tip60 strongly correlated with
transcriptional activity and enrichment of other active histone marks (Figure S6K-N).

H2A.Z acetylation is dispensable for the overall gene activity

Having identified the main acetyltransferase responsible for H2A.Zac we were now able to
test whether the correlation between H2A.Zac and active gene transcription is of functional
relevance. To that end, we performed RNA sequencing (RNA-seq) at days 2 and 5 of Ascll
induction in fibroblasts, with and without Tip60 (Figure S7A). Strikingly, despite a nearly
complete loss of H2A.Zac, the gene expression in day 2 cells remained largely unaffected
by Tip60 RNAI (Figure 5A): although Ascll induction altered the expression of 937 genes,
only 110 genes were deregulated in Tip60-depleted Ascll cells (Figure 5B-left). Of those,
many were associated with cell adhesion or proliferation-related GO terms (Figure 5C). To
exclude the possibility that the knockdown effects are ‘overridden’ by the ectopic expression
of the strong transcriptional activator Ascl1, we analyzed gene expression profiles of normal
fibroblasts with and without Tip60 depletion. To mimic the lack of active cycling observed
during neuronal induction, MEFs were plated at the same density and not passaged after
reaching confluency, thereby preventing the reactivation of proliferation. However, we
found again only modest transcriptional changes even after extending the duration of Tip60
knockdown to 7 days (Figure S7B-D).

Tip60 is required for the suppression of fibroblast identity

The modest effects on transcription after near complete loss of H2A.Zac at day 2 were in
stark contrast to the strong inhibition of neuronal induction. Accordingly, Tip60-dependent
transcriptional changes became more prominent at later times of reprogramming, with Tip60
RNAI disrupting the expression of over 1100 genes by day 5 (Figure 5A, 5B-right, 5D).

We therefore sought to explore whether Tip60 regulates cell identity transitions rather

than steady-state transcription. More specifically, we asked whether Tip60-deficient cells
retain their fibroblast identity even after exposure to strong neuronal lineage inducers.
Indeed, GO term analysis of significantly deregulated genes on day 5 indicated lack of
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neuronal gene induction and retention of fibroblast gene expression (Figure 5C). TF analysis
by ISMARAGS5 revealed that Tip60 depletion disrupts activity of several transcriptional
regulators (Figure 5E), including the overactivation of the neuronal lineage repressor Rest.
Accordingly, 23 out of 78 high confidence Rest targets failed to be de-repressed in Tip60-
deficient cells (Figure 5F-G). GSEA revealed that the fibroblast-specific gene expression
signature was strongly enriched in day 5 Tip60-deficient cells (Figure 5H and S7E, Table
S4), and fibroblast-specific genes that are normally silenced during neuronal specification
were upregulated upon Tip60 RNAI (Figure 51). At the same time, we did not find evidence
of induction of other, alternate cell fates, or enhanced induction of muscle program, despite
higher Ascll levels detected in Tip60-deficient cells (Figure 2B) and the reported ability of
this TF to induce myogenic gene expression in MEFs*8 (Figure S7F-G).

We previously established that the fibroblast to neuron cell identity change is associated with
a coordinated chromatin ‘switch’ that occurs between days 2 and 5 of neuronal specification
by Ascl116, Remarkably, despite the close correlation between H2A.Zac and chromatin
accessibility, most of the ATAC-seq changes induced by Ascll on day 2 were not affected

by Tip60 knockdown and loss of H2A.Zac (1,277 out of 68,693 of day 2 sites were

affected) (Figure 5J and S7H), and the perturbed accessibility became evident only at later
times (14,512 affected sites at day 5). Notably, knockdown of H2A.Z had more prominent
effect on chromatin structure affecting over 5k sites in day 2 shH2A.Z-transduced cells,
suggesting that likely H2A.Z deposition, and not its acetylation, is the primary determinant
of chromatin accessibility (Figure S71). It is noteworthy, however, that just like in case of
Tip60, many of the H2A.Z effects are linked to its role in cell cycle, and thus are less evident
at early stages of neuronal induction in MEFs57. We next examined ATAC-seq dynamics

at fibroblast- vs neuron-specific chromatin sites in shTip60 cells. We discovered that Tip60
depletion effectively blocked the chromatin ‘switch” at 15% of these sites (6,113 sites), with
day 5 knockdown cells failing to gain accessibility at neuron-specific sites and retaining
elevated accessibility at fibroblast-specific sites (Figure 5J-K, Table S3). Thus, without
Tip60 and H2A.Zac fibroblasts fail to change their transcriptional and epigenetic identity.

Ascll recruits Tip60 to chromatin to induce silent Ascll targets

Next, we sought to define the direct molecular actions of Tip60 at its target sites during
neuronal induction. Given our finding of the interaction between Tip60 and Ascl1, we
investigated if Tip60 loss affects function of Ascl1. Although Tip60 predominantly occupies
promoter regions in fibroblasts, neuronal induction drove its enrichment primarily at distal
regulatory elements (Figure 6A). Sites gaining Tip60 were enriched for the E-box motif,

a motif that is also recognized by Ascll (Figure 6B). Notably, Ascl1 binds predominantly
distal enhancers!” suggesting that Ascl1 recruits Tip60 to chromatin. Indeed, 62% (369 out
of 594) of Tip60 peaks induced at day 2 overlapped with Ascll binding sites, and 32% (1733
out of 5371) of the Ascl1-occupied sites were co-bound by Tip60 during at least one of

the neuronal induction time points (Figure 6C). Thus, Ascll is largely responsible for the
increased Tip60 binding at distal enhancers.

Next, we examined if Tip60 RNAI affects Ascl1 activity during neuronal specification. As
expected, Ascl1/Tip60 co-bound sites failed to gain H2A.Zac, but not total H2A.Z (Figure

Mol Cell. Author manuscript; available in PMC 2023 December 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Janas et al.

Page 10

6D). We then examined the expression of a set of core Ascll target genes. Only a subset

of these failed to be properly induced upon Tip60 depletion, while the others remained
unaffected or even induced more strongly (Figure 6E). While examining the genes with
impaired induction, we found that most of them were silent in fibroblasts and thus not
expressed at the start of reprogramming (‘off’ genes, average FPKM<1, see also Methods).
The ‘on’ genes, which are active and expressed in fibroblasts (FPKM=>1), were largely
unaffected by Tip60 RNAI (Figure 6E-G, Table S5).

Tip60 is required for the induction of late & silent neuronal program

We next asked whether the association between gene activity and Tip60 dependence is
restricted to Ascll targets or is a more general phenomenon affecting all genes induced
during neuronal specification, regardless of Ascl1 binding. To this end, we categorized all
induced genes into ‘on’ and ‘off’ groups based on their expression in the starting fibroblast
population, and further subdivided the latter into genes that are induced ‘early’ or ‘late’
(Figure 6H, top). Similarly, repressed genes were classified into ‘transient’, ‘early’ and ‘late
(Figure 6H, bottom). None of these groups were significantly affected by Tip60 knockdown,
except for the ‘off’/*late’ group, which failed to properly induce upon Tip60 depletion
(Figure 6H). Thus, Tip60 is specifically required for the proper activation of neuronal genes
that are well silenced and activated slowly, but not for general up- or downregulation.

Tip60 and H2A.Zac promote H3K4me3 deposition and promoter activation

To understand how Tip60 regulates induction of the “off’ genes, we compared Tip60 and
H2A.Zac occupancy with other chromatin features at enhancers and promoters of the ‘on’/
‘off” Ascll target genes (Figure 61). Enhancers of both gene groups displayed similar
patterns of Tip60 and H2A.Zac enrichment and showed reduced H2A.Zac upon Tip60
knockdown (Figure 61). Loss of H2A.Zac did not perturb chromatin accessibility at any of
these loci (Figure S60), further indicating that H2A.Zac does not directly regulate chromatin
accessibility. As expected, the ‘on’ promoters displayed higher Tip60, H2A.Zac enrichment
and chromatin accessibility at the start of neuronal induction, while the ‘off’ genes began

to acquire them only after the onset of induction. These observations further support the
notion that Tip60/H2A.Zac, although not required to maintain active transcription, could be
necessary for establishing transcriptional competence for silent gene activation.

To explore this further, we compared the dynamics of H3K4me3, an active promoter mark,
at the ‘on’ and ‘off” promoters of Ascll targets (Figure 61) and among all Tip60-regulated
genes induced during neuronal specification (Figure 6J). Reflecting their transcriptional
states, the promoters of the ‘off” genes showed a ~10-fold lower H3K4me3 enrichment

in control fibroblasts (Figure 61). Somewhat surprisingly, the ‘on’ promoters showed no
H3K4me3 increase as the genes became induced over time. In contrast, the ‘off’ promoters
gradually gained H3K4me3 throughout the neuronal induction (Figure 61-J). This suggests
that distinct mechanisms drive the transcriptional upregulation between the two groups

of genes. Inactivation of Tip60 interfered with the gain of H3K4me3 at the ‘off’ gene
promoters, while it had no effect on H3K4me3 on the ‘on’ gene promoters (Figure 61-J).
Thus, Tip60-mediated H2A.Zac is necessary for the increase in promoter H3K4me3 and
transcriptional activation of the significant subset of the ‘off’ class of genes.
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Tip60 and H2A.Zac are required for the activation of bivalent domains

We next sought to explore whether a specific chromatin signature is associated with
Tip60/H2A.Zac-dependent gene regulation. ChromHMM analysis of Tip60-dependent ‘off’
promoters revealed enrichment of two unique chromatin states (states 7 and 9) (Figure 7A).
Both states were co-enriched in H3K4me3 and H3K27me3, which is a characteristic of the
bivalent promoters58-70 (Figure 7A, S7J-K). State 7 had essentially no H2A.Zac enrichment
and less H3K4me3 leading to a higher H3K27me3:H3K4me3 ratio, and therefore being
characteristic of a more repressed state (Figure 7A-B)7L. Thus, the subset of silent genes
that are induced late during neurogenesis and specifically depend on Tip60 for activation are
characterized by a bivalent promoter configuration.

Tip60/H2A.Zac-dependent activation of the bivalent gene Miat is critical for proper
neuronal induction

We next wondered whether the failed activation of a subset of bivalent genes could explain
the strong inhibition of neuronal specification. Out of the bivalent Ascll targets, 26%

of state 7 and 18% of state 9 genes failed to properly induce in the absence of Tip60,

with most strongly affected genes displaying the highest H3K27me3:H3K4me3 ratios at
their TSS (Figure S7L). One of these ‘off’ genes is the neuronal specification-induced
IncRNA, Myocardial Infarction-Associated Transcript (Mia?). Its promoter region is marked
by a bivalent chromatin signature that is enriched in H2A.Zac, resembling state 9 (Figure
7E). Remarkably, Tip60 depletion essentially eliminated transcriptional activation and
H3K4me3 deposition at the Miat promoter (Figure 7C and 7E). Expression of acetylation-
resistant H2A.ZXR also interfered with induction of Miat (Figure 7D), indicating that Tip60-
dependent H2A.Zac is necessary for proper Miat activation. Importantly, RNAi-mediated
knockdown of Miattriggered a dose-dependent inhibition of TauGFP induction and TUJ1*
neuron formation demonstrating that Miatis important for neuronal induction (Figure 7F-
G). Thus, Tip60-dependent activation of a subset of bivalent genes is critical for neuronal
specification.

Discussion

Establishment of a chromatin environment that is permissive for cell fate transition is
governed by a complex interaction between sequence-specific TFs and chromatin modifying
complexes*®72. Here we demonstrate that the Tip60 acetyltransferase is recruited to
chromatin by neuronal lineage-determining TFs, and its recruitment is critically required

for neuronal fate induction via acetylation of the histone variant H2A.Z.

Tip60 participates in a variety of cellular processes, including stress response, cell

cycle, apoptosis, or DNA repair®3.73. Accordingly, we found that Tip60 depletion has
pleiotropic biological effects, and thus Tip60 likely regulates neuronal induction by multiple
mechanisms. For instance, Tip60 was shown to be required for neuronal viability in the
mouse cortex where its inactivation caused apoptosis and neuronal loss 3 weeks after

Tip60 deletion?®. In our hands, Tip60 loss-of-function also triggered apoptosis in fibroblasts
induced to become neurons, though decrease in acetylation, gene expression changes and
reprogramming failure were detected before the onset of apoptosis. Similarly, much of
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the Tip60 effects on cell cycle seem to be concealed in our reprogramming system, but
we are not able to fully exclude a potential mis-regulation of cell cycle signaling and its
contribution to Tip60 function in neuronal specification.

Tip60-dependent gene regulation has been mainly attributed to Tip60-mediated acetylation
of core histones H2A and H4. We found that Tip60 depletion had only subtle effects on
these histones during neuronal induction, whereas the impact on H2A.Zac was much more
pronounced. Intriguingly, our data suggest that additional mechanisms could contribute to
H2A.Zac. We observed that loss of H2A.Zac is not restricted to Tip60 occupied loci, and
Cre-mediated knockout of Tip60 does not completely abolish H2A.Zac. Among histone
acetyltransferases (HATs), CBP/Ep300 and GCNb5/Kat2a were reported to target H2A.Z in
other contexts?8:63, and cooperative interaction between Tip60 and Ep300 has been noted in
regulating acetylation during immune responses’#. Nevertheless, in the context of our study
Tip60 is responsible for inducing and/or maintaining a bulk of H2A.Zac, as its depletion
caused ~80% reduction in global H2A.Zac.

Our data indicate that Tip60/H2A.Zac are dispensable for maintaining or regulating active
transcription. This is particularly striking given the steady-state occupancy of Tip60 at
virtually all active promoters and high correlation between Tip60 enrichment, H2A.Zac and
gene expression. Notably, this pattern of binding is common for many HATS, suggesting

a high level of redundancy in maintaining acetylation at active TSS>. Furthermore, it is
becoming apparent that there is a great degree of functional redundancy among acetylation
sites on histones as well, and a debate regarding a degree to which a specific acetylation
site matters, as opposed to maintaining a certain level of acetylation on the nucleosome, in
general "8, Despite of the above, we uncovered a small subset of silent neuronal genes that
are highly sensitive to Tip60/H2A.Zac loss. Notably, these bivalent genes are enriched for
critical regulators of neurogenesis (e.g., Miai), suggesting that their activation is key for the
pioneering function of Ascll in inducing neuronal identity.

Bivalent chromatin domains are best recognized for their involvement in developmental
regulation in pluripotent stem cells, where they mark key developmental gene promoters
and enhancers that are poised for activation’’’8. However, increasing evidence suggests that
they may represent a universal mechanism for lineage-specific gene regulation, as bivalent
domains have been now also described in fibroblasts, neural progenitors, hematopoietic
progenitors and other cell types®®:79-83, How bivalency is resolved into monovalent domains
during differentiation remains unclear. Tip60-mediated H2A.Zac, as shown here, may play
an important part in this process. We found that the bivalent gene activation and the
associated H3K4me3 gain critically depend on a functional Tip60. Whether the increase

in H3K4me3 is in fact instructive for more transcription remains a matter of debate,

since increasing evidence suggests that the primary function of H3K4me3 is to repel

active repression, as opposed to a causative role in gene activation®4-88. This is in line

with observations that H3K4me3 enrichment itself does not always correlate well with
transcriptional activity, but rather erasure of this mark leads to elevated H3K27me3 and
DNA methylation84:86.87,
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Notably, de-regulation of H3K4me3 is thought to lie at the core of many disorders of the
developing brain88:89. Strikingly, de novo missense mutations in KA75 have been recently
linked to neurodevelopmental syndrome that is characterized by progressive cerebellar
atrophy and CNS malformations, resulting in severe developmental delay and intellectual
disability23. It will be interesting to explore how the perturbations in H3K4me3 deposition
and bivalent chromatin caused by Tip60 loss-of-function contribute to the overall phenotype
in the affected individuals.

In summary we identified previously unknown function of Tip60-mediated H2A.Zac in
bivalent gene activation during neuronal cell fate induction. Tip60 has been shown to
regulate cell identities in multiple cell types22:90-92 Thus, our results raise the possibility
that the Tip60/H2A.Zac-dependent mechanism of bivalent chromatin regulation is critical
not only during neuronal specification, but for cell fate transitions in general.

Limitations of the study

Given the pleiotropic biological effects of Tip60 we were not able to assess the extent to
which other molecular functions of Tip60 contribute to its effects on reprogramming. In
addition, Tip60-dependent gene promoters are enriched for bivalent chromatin signature.
The bivalent signal, however, may also arise from the heterogeneity of chromatin landscape
within the cell population, as we have not established bivalency using individual nucleosome
assays or sequential ChlIP.

STAR Methods
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Marius Wernig (wernig@stanford.edu).

Materials availability—Reagents generated in this study are listed in key resources table
and are available upon request.

Data and code availability

. RNA-seq, ATAC-seq and Cut&Tag data generated in this study have been
deposited at the Gene Expression Omnibus (GEO) database under super series
accession number GSE181965. The accession numbers for existing, publicly
available datasets used for the analyses are listed in the key resources table.

. This study does not report original code.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal model—AlIl mouse studies were performed according to protocols approved by
the Stanford University Administrative Panel on Laboratory Animal Care and conformed to
NIH Guidelines for the Care and Use of Laboratory Animals. All mice were housed in the
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Stanford animal facility under the supervision of Stanford animal care unit; all mice were
healthy and not kept in a sterile facility. Mouse strains used and generated in this study are
listed in the key resources table.

Primary cell cultures—Primary cells were derived from embryonic day (E)13.5

old mouse embryos obtained from 8-24-week-old pregnant females. Mouse embryonic
fibroblasts (MEFs) were isolated from heterozygous TauGFP knock-in mouse embryos?4
(Jackson Laboratory, RRID:IMSR_JAX:004779) or from homozygous Tip60/Kat5
conditional knockout (cKO) embryos (generated in this study). Neural precursor cells
(NPCs) were isolated from the cortices of the homozygous R0sa26::CAG::SpCas9-P2A-
EGFP mouse embryos (Jackson Laboratory, RRID:IMSR_JAX:024858). Feeder cells were
derived from CD1(ICR) (Charles River, RRID:IMSR_CRL.:022) or DR4 mice (Jackson
Laboratories, RRID:IMSR_JAX:003208). Embryos of both sexes were used.

Cell lines—Male mouse embryonic stem cells (v6.5%) were maintained in a 5% CO,
environment at 37°C as described in the Method section below.

METHOD DETAILS

Cell derivation and Maintenance—Homozygous TauGFP knock-in mice?* (Jackson
Laboratory, RRID:IMSR_JAX:004779) were bred with C57BL/6J mice (Jackson
Laboratory, RRID:IMSR_JAX:000664). Mouse embryonic fibroblasts (MEFs) were
isolated from heterozygous E13.5 TauGFP knock-in embryos as previously described!®
and maintained in DMEM (Gibco) supplemented with 10% cosmic calf serum

(CCS, Thermo Fisher Scientific). Neural precursor cells (NPCs) were isolated from
cortices of Rosa26::CAG::SpCas9-P2A-EGFP mouse embryos (Jackson Laboratory,
RRID:IMSR_JAX:024858) at E13.5 and maintained as a monolayer on polyornithine/
laminin coated plates in DMEM/F12 (Gibco) containing N2 and B27 supplements (Gibco),
20 ng/ml EGF (R&D Systems) and 10 ng/ml FGF (Peprotech).

v6.5 mouse embryonic stem cells (MESCs)?® were maintained on mitomycin C-treated
feeder cells obtained from CD1(ICR) mice (Charles River, RRID:IMSR_CRL:022) in
DMEM supplemented with 12 % knockout replacement serum (Invitrogen), 3% cosmic
calf serum (Thermo Fisher Scientific) and LIF.

Cell line generation—To generate Ascll-inducible murine ES line, v6.5 mESCs were
dissociated using 0.05% trypsin/EDTA and resuspended in HBSS (Sigma). 20 pg of
Piggybac-Ascl19 and 10 pg of transposase vector (System Biosciences, CA) were mixed
with the cell suspension in a 0.4-cm cuvette (Bio-Rad) and electroporated using a Bio-Rad
Gene Pulser. Cells were re-plated onto mitomycin C-treated feeder cells obtained from DR4
mice (Jackson Laboratories, RRID:IMSR_JAX:003208) and maintained in selection media
until stably growing colonies were observed. Individual colonies were picked and tested for
expression of Ascll.

Flp-In T-Rex™ HEK293 cell line was obtained from Invitrogen. Stable cell lines expressing
LAP-tagged transcription factors (TFs) were created as previously described®”. Briefly,

Mol Cell. Author manuscript; available in PMC 2023 December 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Janas et al.

Page 15

pG-LAP constructs encoding TFs (see below) were co-transfected with pOG44 (Invitrogen)
using Fugene6 (Roche) and selected for stable integrants with puromycin.

Generation of Tip60 conditional knockout mice—Heterozygous Tip60/Kat5
conditional knockout (cKO) v6.5 mESCs were generated by flanking first two exons of

the Kat5 gene by locus of X-over P1 (loxP) sites (Figure S2E-G) using CRISPR-Cas9/RNP
and double stranded donor-mediated homologous recombination. The targeting vector was
designed to contain two homology arms separated by a selection cassette containing a
splice acceptor (SA) followed by an internal ribosomal entry site (IRES) and the Neomycin
resistance gene (NeoR) with a polyadenylation signal (pA). v6.5 cells, which for this
purpose were maintained on feeder cells in DMEM containing 15% fetal bovine serum
(HyClone) and LIF, were harvested with trypsin/EDTA. 30 g of SpCas9 protein (Integrated
DNA Technologies) and 16 g of synthetic single guide RNA (sgRNA, Synthego) were
mixed in 30 ul of OptiMEM (Thermo Fisher Scientific) and incubated 15 min at RT. The
mixture was subsequently diluted with 70 ul OptiMEM containing 2.5x10° cells and 2 pg
of targeting vector, which was linearized by cutting with Bsal (NEB), and nucleofection
was performed using Nucleofector™2b (Lonza). The cells were selected for 5 days in
medium containing G418 Sulfate (Gibco), drug-resistant clones were picked, and correct
homologous recombination was identified by PCR followed by Sanger sequencing. All
positive integrations were heterozygous, consistent with the previous reports that loss

or strong depletion of Tip60 disrupts mES cell self-renewal*1:%0, Selection cassette was
removed from three positive clones by transient expression of FIpE recombinase.

To produce chimeric mice, Kat5 cKO mESCs were microinjected into the blastocyst-stage
embryos isolated from C57BL/6J females (Jackson Laboratory, RRID:IMSR_JAX:000664)
using piezo-actuated microinjection pipette, and the injected blastocysts were transplanted
into the uterus of day 2.5 pseudo-pregnant recipient CD1(ICR) female mouse (Charles
River, RRID:IMSR_CRL.:022). Caesarean section was carried out at day 19.5 and pups
were fostered by lactating ICR mothers. Resulting chimeras were bred with C57BL/6J
mice, offspring genotyped by PCR of tail tip DNA and F1 mice carrying the mutant allele
were intercrossed to obtain homozygous Kat5 cKO mice. Cre-dependent inactivation of
Tip60 was further confirmed by immunoblotting following transduction with Cre or ACre
(truncated and non-functional version of Cre used as a control) expressing lentivirus (Figure
S2H).

Tip60 cKO MEFs were derived from homozygous mutant E13.5 embryos and maintained as
described above.

DNA constructs—FUW-TetO lentiviral vectors encoding doxycycline-inducible Ascll,
Brn2, Mytll, Ngn2, Zfp238 and MyoD1 were described previously15:17:49.98 Sequences
encoding Brn2, Ascl1, full length Myt1l (Myt1IFL) and minimal active Myt1l truncation
(Myt11200-623)36 tagqed at their N-termini with FLAG/His’ tandem epitope or BirA* tags,
full length human Tip60 cDNA tagged at its N-terminus with HA-tag, as well as Tip60 point
and deletion mutants (see below) were generated by PCR and subcloned into FUW-TetO.
Lentiviral vector expressing DD-Cas9-P2A-Puro (pEDCPP) was derived from pEDCPV
(gift from R. Sordella®) by replacing Venus sequence with a PuroR coding sequence.
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shRNA oligonucleotides were cloned into pSico-Puro (gift from T. Jacks), and sgRNAS
targeting Kat5 gene locus (sgRNA#3-#5) were cloned into pLentiGuide®® (Addgene plasmid
#117986) or pEDCPP. Sequences of ShRNA and sgRNA used are listed in Table S6. Wild
type H2A.Z.1 cDNA (H2A.ZWT) and acetylation-resistant mutant of H2A.Z.1 (H2A.ZKR,
carrying five lysine to arginine substitutions: K4R, K7R, K11R, K13R, K15R), tagged at
their C-termini with HA-tag were synthesized as geneBlocks by IDT and cloned into FUW-
TetO. For experiments involving Tip60 cKO cells, lentiviral vectors encoding NLS-EGFP-
tagged Cre or ACre were used. In case of Lap-tag pulldowns, Brn2, Ascl1, Myt1IF- and
Myt1]200-623 cDNAs were inserted into Gateway compatible pPDONR221 entry vector and
inserted into appropriate Gateway destination vectors using LR recombination (Invitrogen).
For Flp-In HEK293 stable cell line creation, genes were inserted into pG-LAP6 and pG-
LAP7 vectors to generate N- and C-terminally LAP-tagged TFs, respectively.

Tip60 point and deletion mutant constructs: Two approaches were used to disrupt

the acetyltransferase activity of Tip60: (i) we substituted two residues that mediate
acetyl-CoA binding, Q377 and G380, to E (Q337E/G380E)>2:190 or (ii) mutated the
conserved auto-acetylation site, K327 (K327A)101.102 To disrupt NR-box motif, which is a
domain mediating Tip60’s interaction with different classes of nuclear receptors193.104 e
introduced L492A/L493A double mutation. Tip60’ zinc finger domain was disrupted by a
C263A substitution9°, Tip60’s chromodomain was disrupted by point mutation (Y47A) or
deletion of all of the conserved aromatic amino acids that mediate the recognition of methyl
groups on modified lysine residues?4:58,

Lentivirus generation and transduction—Lentiviruses were produced in HEK293T
cells (ATCC) by co-transfection of three helper plasmids (pRSV-REV, pMDLg/pRRE and
VSVG) using polyethyleneimine (PEI)196. Only virus preparations with >90% infection
efficiency, as assessed by immunofluorescence detecting transgene-positive cells, were used
in reprogramming experiments. In general, cells were infected overnight with lentiviral
particles in their corresponding growth medium supplemented with 8 pg/ml of polybrene (or
0.5 pg/ml in case of NPCs). sgRNA and shRNA infected cell populations were selected for 1
to 2 days using 2 ug/ml puromycin.

iN cell reprogramming—MEFs were co-infected with rtTA alonel9”, or rtTA and the
indicated TF-expressing lentiviruses, and reprogramed as previously described!® (Figure
1A). Briefly, to activate transgene expression MEF medium was supplemented with 2 pg/ml
doxycycline (dox) (Sigma) 2 days after infection. The cells were then transferred into N3
medium (DMEM/F12, N2 supplement, 25 pg/ml insulin) containing dox two days later and
allowed to reprogram for 14-21 days. The medium was refreshed every 3 days and dox
retained in the medium throughout the duration of the experiment.

For RNAI knockdown experiments, the cells were co-transduced with either empty vector
control (vector), non-targeting control ShRNA (shNTC), or indicated ShRNAs. In case of
CRISPR/Cas9, sgRNA targeting Renilla sequence was used as a control°C.

To assess reprogramming efficiency of TauGFP MEFs, the cells were dissociated using
0.05% trypsin at days 5 or 7 post-dox and the number of GFP-positive cells was quantified
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by FACS. The reprogramming efficiency was then determined as % of TauGFP positive
cells, or a relative % of TauGFP, where the fraction of TauGFP was normalized to that of

the control. Alternatively, reprograming efficiency was measured as a fraction of TUJ* cells
with at least one process double the size of the cell body, present in 10 randomly selected
10x fields of view!98, Counts obtained from three biological replicates were then normalized
to the number of neuronal cells in the control. Statistical significance was assessed by
one-way or two-way ANOVA, as indicated in figure legends, with post-hoc correction using
GraphPad Prism software.

Conversion of inducible Ascl1-expressing v6.5 mESCs into neurons was initiated by
induction of Ascll expression using dox-containing N3 medium, and the efficiency of
reprogramming determined as described above.

Where indicated, the cells were treated with pan-cyclin inhibitor SU9516 (Selleckchem),
which causes G1 and G2/M cell cycle blocks51:56.57,

Myogenic reprogramming—MEFs were co-infected with rtTA, MyoD1 and the
indicated shRNAs (Figure S2N). MyoD1 expression was induced using dox 2 days after
transduction. After two days the cells were transferred to DMEM/F12 containing 2%
horse serum (Thermo Fisher Scientific) and allowed to reprogram for a total of 12 days.
Reprogramming efficiency was estimated as a fraction of DES™ cells.

Inducible CRISPR/Cas9—We used Cas9 fused to the FKBP12-derived destabilizing
domain (DD) that enables temporal control of Cas9 expression using the cell-permeable
FKBP12 synthetic ligand, Shield-150. In the absence of Shield-1 DD-Cas9 is targeted to the
proteasome for degradation, whereas treatment with Shield-1 leads to protein stabilization,
thus enabling genomic editing. To deplete Tip60 the cells were infected with EDCPP
lentivirus encoding control sgRNA targeting Renilla, or sgRNAs targeting Tip60, selected
with puromycin, and Shield-1 (Cheminpharma) was added to the culture medium at given
concentrations and for indicated durations.

Differentiation—NPCs constitutively expressing SpCas9-P2A-EGFP were infected with
SgRNAs (pLentiGuide) and indicated lentiviruses, and infected cell populations were
selected with puromycin. Differentiation was induced 2-3 days after lentiviral transduction
by EGF and FGF withdrawal and supplementing the medium with 1% fetal bovine serum
(HyClone). Differentiation efficiency was determined as a fraction of TUJ* cells present in
10 randomly selected 10x fields of view, relative to the control. Statistical significance was
assessed by one-way ANOVA with post-hoc correction using GraphPad Prism software.

Immunocytochemistry and cell counting—Cells were fixed with 4% (wt/vol)
paraformaldehyde (USB, 19943) for 10 min at RT. Following fixation, the cells were
washed 3X with PBS, permeabilized with PBS containing 0.2% Triton X-100 and blocked
for 30 min in PBS containing 0.1% Triton X-100 and 5% CCS. Primary antibodies were
diluted in blocking solution and incubated with the fixed cells O/N at 4°C. Cells were
washed twice with PBS and incubated with Alexa-conjugated secondary antibodies (1:1000,
Invitrogen) in PBS for 1h. Cells were then stained with DAPI for 1min, washed twice with
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PBS and imaged using a DM6000 B microscope (Leica). Antibodies used include: MAP2
(1:20,000, Abcam, ab5392), TUJ1 (1:1000, BioLegend, 801202), Desmin (DES, 1:200,
Abcam, ab32362), HA.11 (1:1000, BioLegend, 901501), H2A.Zac (Lys4/Lys7, 1:1000, Cell
Signaling Technology, #75336), Ki67 (1:1000, BD, 550609). The efficiency of neuronal
induction was determined as the number of TUJ1 present in 10 randomly selected 10x
fields of view. Counts obtained from three biological replicates were then normalized to the
number of neuronal cells in the control.

Annexin V staining—Apoptosis rates were quantified by APC Annexin V/PI staining
(BD Biosciences) following the protocol provided by the manufacturer. Briefly, Ascll and
Brn2/Ascl1/Mytll infected cells (n=2, biological replicates) were trypsinized at indicated
times, washed 2X with cold PBS, and resuspended in 1X binding buffer (10 mM HEPES
(pH 7.4), 140 mM NaCl, 2.5 mM CaCly) at ~1 x 106 cells/ml. 100 pl cell aliquots were
incubated with Annexin V/PI for 15 min at RT, diluted to 500 pl with binding buffer and
Annexin V*/PI~ population was quantified by flow cytometry.

BrdU incorporation and cell cycle analysis—MEFs were incubated with 10 uM
5-Bromo-2’-deoxyuridine (BrdU, Sigma-Aldrich) for 1h at different times of neuronal
induction. The cells were fixed with cold 70% ethanol for 2h and treated with 2N HCI

for 20 min at RT. Cells were washed extensively with PBS, incubated in 100 mM sodium
borate for 10 min at RT, washed with PBS and stained with APC-conjugated anti-BrdU
antibody (BioLegend, # 364114) for 30 min at RT. The cells were subsequently treated with
RNase A (Thermo Fisher Scientific), stained with Propidium lodide (PI) (Invitrogen) and the
cell cycle phase distribution was quantified using LSRFortessa fluorescence-activated cell
analyzer and FlowJo™ software (BD Biosciences).

Western blotting—Cells were washed with PBS and total cell lysates prepared in buffer
containing 75 mM Tris-HCI (pH 6.8), 3.8% SDS, 4 M urea, and 20% glycerol. Lysates
were sonicated at 10-15 strokes, resolved by SDS-polyacrylamide gel electrophoresis
(PAGE) and analyzed by immunoblotting. Primary antibodies used were: HSP90 (Cell
Signaling Technology, #4874), TIP60 (Santa Cruz, sc-166323), ASCL1 (Abcam, ab74065),
MAP2 (Sigma-Aldrich, M9942), TUJ1 (BioLegend, 801202), FLAG (Sigma-Aldrich,
F7425), SIN3B (Santa Cruz, sc-996), HA.11 (mouse, BioLegend, 901501), HA.11 (rabbit,
BioLegend, 902301), B-ACTIN (Sigma-Aldrich, A5441), H2Aac (Lys5, Cell Signaling
Technology, 2576), H2A.Zac (Lys4/Lys7, Cell Signaling Technology, 75336), H2A (Cell
Signaling Technology, 12349), H2A.Z (Active Motif, 39113), H2A.Z (Abcam, ab4174),
H3K9ac (Cell Signaling Technology, #9649), H3K14ac (Cell Signaling Technology, #7627),
H3K18ac (Cell Signaling Technology, #13998), H3K27ac (Abcam, ab4729), H3K56ac
(Cell Signaling Technology, #4243), H3 (Cell Signaling Technology, #3638), H4K5ac (Cell
Signaling Technology, #8647), H4K12ac (Cell Signaling Technology, #13944), H4K16ac
(Millipore, 07-329), H4 (Cell Signaling Technology, #2935).

Immune complexes were detected using species-specific HRP-conjugated secondary Abs
(1:5000, Jackson ImmunoResearch) and enhanced chemiluminescence (Perkin Elmer), or
fluorescently labelled IRDye secondary antibodies (1:5000, LI-COR), and subsequently
imaged using ChemiDoc imager (BioRad) or near-IR fluorescence scanner (Odyssey
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Imaging System, LI-COR). Signal intensities were quantified using Image Lab™ (BioRad)
and Image Studio™ (LI-COR) software.

Fluorescence Recovery After Photobleaching (FRAP)—FRAP was performed as
described!99, Briefly, MEFs were plated on glass-bottom 35 mm dishes (MatTek) and
infected with lentiviruses expressing the Halo-tagged constructs under a dox-inducible
promoter. Two days post-dox the cells were labeled with 100 nM JF-549-HaloTagLigand
(a gift from Luke Lavis’s lab119) for 30 min. The cells were then washed twice with MEF
media, followed by one 30 min wash, and two more brief washes, before one final wash

in phenol-red-free MEF media that was used during imaging. FRAP was performed on a
Zeiss LSM 710 confocal microscope at the Stanford Wu Tsai Neuroscience Microscopy
Service, with temperature and CO, control, using a 63X oil-immersion objective. Images
were acquired with the 561 nM laser at a frequency of 1 Hz. A bleach spot was made using
100% laser power. 10 frames were acquired pre-bleach to get a baseline, and 120 frames
were acquired after. Data analysis was performed using MatLab as previously described!11,
The mean FRAP recovery was plotted for each construct and fit using a double-exponential
model and logarithmically spaced timepoints.

RNA sequencing

Cell culture conditions and lentiviral transduction: In general, the cells were maintained
as described above. Notably, neural induction leads to rapid cell cycle exit in MEFs.
Therefore, to compare the effects of Tip60 knockdown between MEFs and Ascl1-transduced
MEFs, MEFs were not passaged after reaching confluency, thereby preventing the
reactivation of proliferation.

RNA isolation and preparation of RNA-seq libraries: Total RNA was extracted

with Trizol (Invitrogen), subjected to DNAse treatment using RQ1 RNAse-free DNAse
(Promega) and purified using RNeasy MinElute cleanup kit (Qiagen). For tTA+shNTC
samples and day 2 Ascl1-iN dataset, RNA was reverse-transcribed using Ovation RNA-seq
System V2 (NuGEN) and cDNA sheared using Covaris S2 ultrasonicator. Sheared cDNA
was subsequently cleaned up with Agencourt AMPure XP beads (Beckman Coulter) and
sequencing libraries constructed using NEBNext Ultra DNA Library Prep Kit (New England
Biolabs). Library quality and quantity were assessed by Bioanalyzer (Agilent). Paired-end
sequencing reads (150bp) were generated on HiSeq4000 (Illumina) at Stanford Functional
Genomics Facility (SFGF). For MEF dataset and iN dataset containing 2 biological
replicates of day 2 Ascl1+shNTC and all day 5 iN conditions, Poly(A) selected libraries
were generated and sequenced on NovaSeg6000 in paired-end mode (150bp) by Novogene.

Differential expression analysis: Raw reads were trimmed for base call quality (PHRED
score > 21) using skewer 0.2.2112 and transcript quantification was performed using mm10
reference transcriptome (GENCODE vM18) and salmon 1.4.0113, Count normalization and
differential gene expression analysis from two biological replicates were performed using
DESeq?2 package!14 in R115 applying adaptive t prior shrinkage estimator ‘apeglm’116, For
comparisons between different batches, the batch effects were estimated using Surrogate
Variable Analysis (SVA)!17 and used for differentially expressed gene (DEG) identification
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with DESeq2. Unless otherwise indicated, DEGs were identified by selecting genes that
changed expression at least 1.5-fold (padj<0.05). TPM and normalized counts used for
visualization were batch adjusted with /imma18. In case of the knockdowns, only DEGs that
passed the significance and/or fold change threshold for both Tip60 shRNAs were included
for downstream analyses.

The identified DEGs were subjected to fuzzy c-means clustering using Mfuzz v2.44.0
package in R119 applying c-means parameter of 2.01 to assign genes to 5 clusters
summarizing variability between the conditions, and subsequently visualized in R120,

Gene ontology, GSEA and ISMARA analysis: Gene ontology term enrichment analysis
was performed with DAVID 6.8121 using annotations for GOTERM_BP_FAT.

MEF gene signature was compiled using genes that were enriched at least 15-fold in MEFs
when compared to day 7 TauGFP* Ascl1-iN cells (352 genes, padj<0.01), as determined
based on the analysis of the previously published dataset!8 (Table S4). For GSEA, DEGs
between day 5 Ascl1-iN expressing ShNTC or those expressing shTip60 were ranked by
Wald test statistics and enrichment test was performed using fgseat?2. Gene expression
signatures of myocytes, hepatocytes and keratinocytes were generated as described36, and
odds ratio analysis was performed using the GeneOverlap (v1.28.0)123,

TF activity analysis was performed using Integrated System for Motif Activity Response
Analysis (ISMARA®5). ISMARA integrates gene expression data with motif occurrence
analysis to predict TF activity profiles, and thus to infer which TFs are most likely driving
the expression changes across the samples. The direction of the ISMARA z-score for the
identified enriched motifs was determined by multiplying the z-score of a given motif by the
sign of Pearson correlation between the predicted TF activity and the expression of its target
genes.

Gene classes: Genes induced in MEFs upon Ascl1 expression were grouped based on their
expression in the starting MEF population into 1) expressed (‘on’), and 2) not expressed

in MEF’s (‘off’), by setting the expression threshold corresponding to FPKM=1 and
subsequently selecting genes based on their average FPKM value in rtTA+shNTC condition.
The “off’ genes were subsequently divided based on the profile of their induction into

i) “early’, whose expression reaches maximum at day2, and ii) ‘late’, whose expression
continues to increase significantly beyond day 2, or which are induced only at day 5 of
reprograming. Genes repressed upon Ascll induction were classified into i) ‘transient’,
showing downregulation at day 2 followed by upregulation at day 5, ii) “‘early’, genes
downregulated at day 2 of reprogramming, and iii) ‘late’, genes that are significantly
downregulated only at day 5.

Odds ratio analysis was performed using the GeneOverlap (v1.28.0)123, using DEGs sets:
i) Ascl1+shNTC vs tTA+shNTC (fc=1.5, padj<0.05), and ii) subset of Ascl1+shNTC vs
rtTA+shNTC DEGs that includes Ascll targets (see below) significantly affected by Tip60
RNA. (padj<0.01).
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Assay of Transposase-Accessible Chromatin with sequencing (ATAC-seq)

Preparation of ATAC-seq libraries and sequencing: ATAC-seq was performed essentially
as previously described?24 following DAPI (Sigma) staining and FACS enrichment for
viable cells using FACS-Aria Il sorter (BD Biosciences). Sequencing was performed using
2x75bp reads on Illumina NextSeq 500 instrument at SFGF, or 2x150bp on Illumina
NovaSeq6000 (Novogene).

ATAC-seq data analysis: Primary data processing, including adapter trimming, genomic
alignment to mm10 using Bowtie2 (v 2.3.4.3)12% mitochondrial reads and duplicate
alignment removal, peak calling and reproducibility analysis using MACS2126 and
IDR127, respectively, were performed using ENCODE ATAC-seq pipeline v1.2.0128 (https:/
github.com/ENCODE-DCC/atac-seq-pipeline). Reproducible peaks selected with IDR (idr
threshold < 0.05) were aggregated to a final superset of putative regulatory elements that
are accessible in at least one of the conditions. The featureCounts package was then used
to obtain ATAC-seq read counts for each of the regions!2, followed by normalization and
differential accessibility analysis using DESeqg2. For comparisons involving knockdown
conditions, only sites that passed the significance and fold change threshold for both Tip60
shRNAs (or for shH2A.Z#4 and shH2A.Z#5, in case of the analysis of H2A.Z knockdown
dataset), were marked as differentially accessible. The identified differentially accessible
sites (fc=2, padj<0.05) were subjected to fuzzy c-means clustering using Mfuzz.

Open chromatin signatures: Open chromatin signatures for MEF and iN cells were
determined by extracting ATAC-seq peaks that are unique for MEFs or for day 5 TauGFP*
Ascl1-iN (fc=2, padj<0.05), respectively, based on the analysis of the previously published
dataset8. Genomic region annotation and gene ontology enrichment were performed using
GREAT130, Bigwig files were produced using deepTools and reads per genomic content
(RPGC) normalization!31, and visualized in R or CiCSC genome browser132.133,

Cut&Tag

Library preparation and sequencing: The 3XFlag-pA-Tn5-FI plasmid (Addgene plasmid
#124601) was transformed into C3013 cells (NEB), and Tn5 transposase fused to Protein
A (pA-Tn5) was purified and loaded with adapters following the previously described
protocol134,

Cells were dissociated using Accutase (Thermo Fisher Scientific) and where indicated,
TauGFP* cell were sorted by FACS. 1x10° cells were bound to Concanavalin A beads
(Bangs Laboratories) in Wash buffer (20 mM HEPES (pH 7.5), 150 mM NaCl, 0.5 mM
Spermidine, complete protease inhibitors (Roche)). Cells were then resuspended in Dig-
Wash buffer (Wash buffer containing 0.05% Digitonin) that was additionally supplemented
with 0.1% BSA (Sigma) and 2 mM EDTA and subjected to Cut&Tag essentially as
described134. Briefly, the cells were incubated with 1:50 dilution of primary antibody, or

a corresponding control IgG, overnight at 4°C, followed by incubation with guinea pig
anti-rabbit I1gG (antibodies-online) for 1h at RT. After 3X washes with Dig-Wash buffer
the cells were incubated with pA-Tn5 adapter complex prepared in Dig-300 Wash buffer
(20 mM HEPES (pH 7.5), 300 mM NacCl, 0.5 mM Spermidine, 0.01% Digitonin, complete
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protease inhibitors (Roche)) for 1h at RT. Cells were washed 3X with Dig-300 Wash buffer
and subjected to tagmentation in Dig-300 Wash buffer supplemented with 10 mM MgCl,
for 1h at 37°C. To stop tagmentation, the mixture was adjusted to 16.5 mM EDTA and
0.1% SDS and digested with Proteinase K (Thermo Fisher Scientific) overnight at 37°C.
Tagmented DNA was purified using phenol-chloroform and the libraries amplified using
uniquely barcoded i5/i7 primer pairs (IDT)124, Libraries were purified using Agencourt
AMPure XP beads (Beckman Coulter), library quality and quantity were assessed by AATI
Fragment Analyzer and paired-end sequencing reads (150bp) were generated on lllumina
HiSeq4000.

Antibodies used for Cut&Tag were: H2A.Zac (Lys4/Lys7, Cell Signaling Technology,
75336), H2A.Z (Active Motif, 39113), H3K4me3 (Active Motif, 39060), TIP60 (a kind
gift of Dr. Bruno Amati, European Institute of Oncology13%).

Sequence alignment, peak calling and differential enrichment analysis: Reads were
trimmed using cutadapt and aligned with Bowtie2 (v 2.3.5.1) to mm10 reference genome.
Initial lenient peaks were called with MACS2 (2.2.7.1) with “-p 0.01”. For Tip60 Cut&Tag,
reproducible peaks were identified using IDR with cutoff idr<0.1. In case of histone
Cut&Tag, MACS2 peaks were called on pooled replicates, and those that were also
identified in each of the individual replicates were marked as reproducible. Reproducible
peaks were subsequently aggregated using bedtools'36. featureCounts package was used to
obtain read counts for each of the regions'2?, followed by normalization and differential
enrichment analysis using DESeqg2. Unless otherwise indicated, DE parameters used were as
follow: for histones, fc=2, padj<0.05, for Tip60, fc=2, padj<0.1.

Bigwig files were produced with deepTools using RPGC normalization and the pooled
alignment bam files, with the exception of H2A.Zac Cut&Tag dataset containing Tip60
knockdown conditions, which was normalized to the carry-over £. co/i DNA that is present
in pA-Tn5 prep to account for the global change in H2A.Zac signall34.

Unless otherwise indicated, co-localization of peak regions was determined based on the
overlap of at least 1bp. Average enrichment values were obtained using deepTools and
normalized bigwig files by extracting mean scores across genomic ranges of +250 bp
(H2A.Z, Tip60, ATAC-seq) or £500bp (H3K4me3 and H3K27me3) surrounding TSS or
Ascll peak summits, as indicated. Heatmaps of Cut&Tag enrichment were generated in R.

Peak classification: For peak classification the criteria used were as follows: promoter:
—2kb to +1kb around transcription start site (TSS), enhancer: 2kb to 10kb upstream of TSS,
gene body: encompassing exons and introns, gene tail: 2kb downstream of transcription end
site (TES), intergenic: none of the above.

DNA motif search: De novo motif search within the Tip60 bound regions was performed
using peaks that gain enrichment at day 2 of iN induction, as identified by DESeq?2 (fc=2,
padj<0.1) using findMotifsGenome.pl from HOMER v4.11.1137,
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Chromatin State Discovery and Characterization—Hidden Markov Model
(ChromHMM): Enrichment and annotation of genomic regions to distinct chromatin
states was performed using ChromHMM software (v1.20) as described!38. Briefly, to
generate chromatin state models, histone mark peak files were converted into binarized
data, and 15- or 18-state models were generated using LearnModel function in ChromHMM.
The enrichment for H2A.Z, H2A.Zac and Tip60 for each segment was obtained through
OverlapEnrichment function and plotted in R, whereas enrichment for TSS regions of
Tip60-regulated “off’ genes was visualized using NeighborhoodEnrichment function in
ChromHMM. Datasets used for ChromHMM analysis were obtained from ENCODE portal
(see below), Mikkelsen et al.59, and H2A.Z and H2A.Zac data used were generated in this
study. Gene set enrichment and tissue specificity analysis were performed by Functional
Mapping and Annotation (FUMA)139.140 ysing genes whose TSS overlap ChromHMM
states 7 or 9.

Ascll binding sites: Ascll chromatin binding in MEFs was determined based on the
previously generated ChlP-seq datasetl’. Briefly, Ascll ChIP-seq reads were trimmed using
cutadapt and aligned with Bowite2 (v 2.3.5.1) to mm10 reference genome. Initial lenient
peaks were called with MACS?2 with parameter “-p 0.01”, and peak self-consistency was
determined with IDR using pseudo-replicate peak calls with cutoff of idr<0.05. Ascl1 target
genes were determined by assigning genes to Ascl1 peaks using GREAT130 (Table S5). For
enhancer/promoter comparisons, Ascll binding sites (enhancers) and the nearest TSS were
selected, and the normalized enrichment around Ascll peak summits or TSS was extracted
and visualized as described above.

Publicly Available Data Sets Used: ChlP-seq data obtained from ENCODE portal are:
H3K4mel (ENCSRO00CAZ), H3K4me3 (ENCSRO00CBA), CTCF (ENCSR000CBW),
POLR2A (ENCSR000CBX), H3K27ac (ENCSR000CDI), control (ENCSR000CBB). The
GEO accession numbers for the previously published ChlP-seq, ATAC-seq and RNA-seq
data are: GSE12241, GSE43916 and GSE101397.

BirA* and FLAG/His’ pulldowns and mass spectrometry—MEFs were infected
with lentiviruses encoding reprogramming factors fused to BirA biotin ligase mutant
(R118G, BirA*)33, BirA* alone or rtTA alone as controls, or with viruses expressing FLAG/
His’ tagged proteins or empty vector control. After 16 — 20h cells were placed in fresh
medium containing 2 pg/ml dox to induce transgene expression. For BirA* infected cells
the medium was supplemented with 50 pM biotin 24h later and biotinylation allowed to
continue for another 24h. At day 3 after infection the cells were harvested by trypsinization,
washed twice with ice cold PBS and snap frozen in liquid nitrogen for subsequent affinity
purification.

BirA affinity pulldown: For BirA* labeling experiments, 2-4x107 cells were lysed in 1
ml of cell lysis buffer (50 mM Tris-HCI (pH 7.5), 0.5% Tween-20, 2 mM EDTA, 1mM
DTT, 5mM NaF, 1ImM PMSF, complete protease inhibitors (Roche)) for 15 min on ice.
Nuclei were separated by centrifugation (1000 x g, 1min, 4°C), resuspended in 0.5 ml
of nuclear lysis buffer (500 mM NaCl, 50 mM Tris-HCI (pH 7.5), 0.4% SDS, 5 mM
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EDTA, 1 mM DTT, 5 mM NaF, 1 mM PMSF, 5 pg/ml cytochalasin B (Sigma), complete
protease inhibitors (Roche), benzonase (Millipore)) and lysed by sonication at RT. Triton
X-100 was then added to the final concentration of 2%, lysates were sonicated again and
subsequently diluted with equal volume of cold 50 mM Tris-HCI (pH 7.5). After final

round of sonication cell debris were cleared by centrifugation (17,000xg, 15min, 4°C)

and supernatant was incubated with 0.6 ml of Streptavidin-coated Dynabeads (MyOne
Streptavidin C1, Invitrogen) for 2h at 4°C. Beads were collected and washed (8 min each) at
RT as follows: 2X with 0.5 ml wash buffer 1 (2% SDS in dH20), 1X with 1 ml wash buffer
2 (50 mM HEPES (pH 7.5), 0.1% deoxycholate, 1% Triton X-100, 500 mM NaCl, 1 mM
EDTA), 1X with 1 ml wash buffer 3 (10 mM Tris-HCI (pH 8.0), 250 mM LiCl, 0.5% NP-40,
0.5% deoxycholate, 1 mM EDTA), and 2X with 1 ml wash buffer 4 (50 mM Tris-HCI (pH
7.5), and 50 mM NaCl). Samples were subjected to tryptic digest and mass spec analysis as
described below.

FLAG/His’ tandem affinity purification: Nuclear extracts were prepared by first
resuspending cells in ice cold buffer A (10 mM HEPES (pH 7.9), 10 mM KCI, 0.1 mM
dithiothreitol (DTT), 0.1% NP40, 2 mM NagVQOy, complete protease inhibitors (Roche)).
After 10min incubation on ice nuclei were pelleted by centrifugation, washed in buffer

A without NP40 and subsequently lysed in buffer C (20 mM HEPES (pH 7.9), 600 mM
NaCl, 25% glycerol, 1% Triton X-100, 50 mM NaF, 2 mM Na3VOy4, complete protease
inhibitors) for 30 min while rotating at 4°C. Lysates were cleared by centrifugation, diluted
with equal volume of buffer D (50 mM Tris-HCI (pH 8.0), 1% Triton X-100, 50 mM NaF,
2 mM NazVOy, complete protease inhibitors) and subjected to immunoprecipitation with
anti-FLAG M2 affinity resin (Sigma) for 8h at 4°C. Beads were collected by centrifugation
and treated with 200U/ml of benzonase in buffer containing 50 mM Tris-HCI (pH 8.0), 150
mM NacCl, 5% glycerol, 50 mM NaF, 2 mM MgCl,, 2 mM NazVO,, complete protease
inhibitors) for 20min at RT. Beads were then washed 5X with FLAG wash buffer (50

mM Tris-HCI (pH 8.0), 300 mM NacCl, 1% Triton X-100, 5% glycerol, 50 mM NaF, 2

mM NazVOy4, complete protease inhibitors). Beads were then either washed with 200mM
ammonium bicarbonate and subjected to on-bead trypsin digest and mass spectrometry (see
below), or the immunoprecipitates were eluted by three consecutive rounds of incubation

in FLAG wash buffer supplemented with FLAG peptide (0.2 mg/ml) (Sigma-Aldrich) at
30°C, 15 min each. Eluates were pooled together and diluted into 20 volumes of NiNTA
buffer (20 mM Tris-HCI (pH 8.0), 300 mM NaCl, 20 mM Imidazole, 0.5% Triton X-100,
50 mM NaF, 10 mM B-mercaptoethanol (BME), complete protease inhibitors) and incubated
with Ni-nitrilotriacetic acid (NTA) resin (Qiagen) for 4h 4°C. The beads were washed

as follows: 2X with NiNTA buffer, 2X with NiNTA wash buffer A (20 mM Tris-HCI

(pH 8.0), 400 mM NacCl, 2M Urea, 20 mM Imidazole, 0.5% Triton X-100, 50 mM NaF,

10 mM BME, complete protease inhibitors), 2X with NiNTA wash buffer B (20 mM
Tris-HCI (pH 8.0), 300 mM NaCl, 20 mM Imidazole, 0.05% Triton X-100, 50 mM NaF,

10 mM BME, complete protease inhibitors) and 3X times with 50 mM Tris-HCI (pH 8.0).
Immunoprecipitates were eluted with 50mM Tris-HCI (pH 8.0) supplemented with 300 mM
imidazole.
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Protein digestion, mass spectrometry and data analysis: Each sample was resuspended

in 100 mM ammonium bicarbonate buffer, reduced with 5 mM dithiothreitol (DTT) for 1h
at 37°C, alkylated with 14 mM iodoacetamide in dark for 1h, and digested with trypsin at
enzyme to protein ratio of 1:20 overnight at 37°C. The resulting peptides were subjected
to StageTipl4! desalting and resuspended in 0.1% formic acid for the following capillary
nanoLC-MS/MS.

Peptides were separated on an in-house made 20 cm reversed phase column (100 um inner
diameter, packed with ReproSil-Pur C18-AQ 3.0 um resin (Dr. Maisch GmbH)) equipped
with a laser-pulled nanoelectrospray emitter tip. Peptides were eluted at a flow rate of 400
nL/min using a two-step linear gradient including 2-25% buffer B in 70 min and 25-40%
B in 20 min (buffer A: 0.2% formic acid and 5% DMSO in water; buffer B: 0.2% formic
acid and 5% DMSO in acetonitrile) in a the Eksigent ekspert nanoLC-425 system (AB
Sciex). Peptides were then analyzed using LTQ Orbitrap Elite mass spectrometer (Thermo
Scientific). Data acquisition was executed in data dependent mode with full MS scans
acquired in the Orbitrap mass analyzer with a resolution of 60000 and m/z scan range

of 340-1600. The top 20 most abundant ions with intensity threshold above 500 counts
and charge states 2 and above were selected for fragmentation using collision- induced
dissociation (CID) with isolation window of 2 m/z, collision energy of 35%, activation Q
of 0.25 and activation time of 5 ms. The CID fragments were analyzed in the ion trap

with rapid scan rate. Dynamic exclusion was enabled with repeat count of 1 and exclusion
duration of 30 s. The AGC target was set to 1000000 and 5000 for full FTMS scans and
ITMSn scans. The maximum injection time was set to 250 s and 100 s for full FTMS scans
and ITMSn scans.

All tandem mass spectra were queried against a “target-decoy” sequence databasel42
consisting of the mouse proteome Swissprot database (downloaded on Feb 24, 2019)

with added common contaminants using SEQUEST43. The parent mass error tolerance
was set to 10 ppm and the fragment mass error tolerance to 0.6 Da. Enzyme specificity
was set to trypsin, oxidation of methionines was set as variable modification and
carbamidomethylation of cysteines was set as static modification. High confidence peptide
identifications were selected at a 1% false discovery rate and proteins identification were
selected at a 5% false discovery rate with the Percolator algorithm144,

LAP tandem purification and mass spectrometry—To best optimize the LAP
purification procedure and minimize the possibility of carryover, cell culture, preparation
of extracts and tandem affinity purification were standardized as described32. Briefly, stable
LAP cell lines were harvested using detergent. Lysates were clarified by centrifugation
(43,000 rpm) and subjected to anti-GFP immunoprecipitation. Bound proteins were eluted
from antibody beads using TEV protease, recaptured on S-protein agarose (Novagen), and
eluted in 2x NuPAGE sample buffer (Invitrogen). Each purified set of interacting proteins
was separated on an individual Bolt™ 4-12% Bis-Tris Plus Protein Gels (Invitrogen) and
stained with Coomassie brilliant blue. Samples were run into gels for 20-40mm and divided
into 20-40x1mm slices. Each excised lane was, reduced, carboxyamidomethylated and
digested with trypsin, and mass spectrometry and peptide identification were carried out

at the Stanford MS core facility as previously described4°.
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Protein network analysis—For each LC/MS experiment spectral counts were
transformed into normalized spectral abundance factors. In case of the experiments in
MEFs, bait proteins were purified and analyzed alongside the independent negative
controls in order to generate background list of proteins that bind non-specifically

(“false positive’ hits). For FLAG and FLAG/His’ purifications the controls consisted of
immunoprecipitations performed on empty vector control (no-bait) transduced cells. Control
streptavidin pulldowns were performed on extracts from rtTA+BirA* transduced cells. In
case of LAP purification, a panel of 66 other experiments also conducted in HEK293 cells
was used to calculate lognormal probability distributions, and for each of the observed
gene product a Z test was conducted against that background distribution. The Benjamini—
Hochberg method was used to correct the obtained P values, and gene products were
accepted below a false discovery rate of 0.12.

To further interrogate functional connections among the candidates, mass spectrometry
results were supplemented with known interactions from the BioGRID database38, and
assembled into an interactome map composed of ~800 unique nodes using Cytoscape3?.

Gene ontology (GO) enrichment analysis and network visualization were performed using
ClueGO6, where overrepresented GO Biological Process terms categories (g-value < 0.05)
were visualized as nodes clustered into functional modules and interconnected based on the
kappa score (>0.4).

gRT-PCR—RNA was isolated using Trizol (Invitrogen) and RNA Clean & Concentrator
(Zymo), and subsequently reverse transcribed with Superscript 111 (Invitrogen). mMRNA
levels were quantified by real-time PCR assay using Sybr Green (Thermo Fisher
Scientific) and the Applied Biosystems 7900HT Fast real-time PCR system. Expression
values were expressed as percent of GAPDH or Rn45s using the formula: 2-CT(target
mRNA)/2-CT(housekeeping mRNA) x 100. Primers used are listed in Table S6.

In vitro acetylation assay

Protein purification: Tip60 cDNA was subcloned into pGEX-6P-1 bacterial expression
vector (GE Healthcare), and GST and GST-Tip60 were expressed and purified from
BL21(DE3) £. colistrain (Agilent). Briefly, cells were grown at 37°C until optical density
(OD) of the culture reached 0.7. Protein expression was induced using 0.2 mM IPTG for 18
h at 12°C. Cell pellets were lysed by sonication in lysis buffer containing 50 mM Tris-HCI
(pH 7.5), 300 mM NacCl, 1% TritonX-100, 5% glycerol and protease inhibitors, and cleared
lysates were incubated with Glutathione Sepharose 4b (GE Healthcare) overnight at 4°C.
GST beads were washed 3X in wash buffer A (50 mM Tris-HCI (pH 7.5), 600 mM NacCl,
1% TritonX-100, 5% glycerol, PMSF), and 2X in wash buffer B (50 mM Tris-HCI (pH 7.5),
300 mM NacCl), and eluted with wash buffer B supplemented with 12.5 mM glutathione
(Sigma). Proteins were then dialyzed against wash buffer B containing 20% glycerol and
flash frozen at -80°C.

In vitro HAT assay: /nn vitro acetylation was carried out in 20 pl reactions containing 50
mM Tris-HCI (pH 8.0), 10% glycerol, 0.1 mM EDTA, 1 mM DTT, 100 yuM acetyl coenzyme
A (acetyl-CoA) (Sigma), 200 ng of recombinant histone H2A.Z (Millipore) and 25 ng or 50
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ng of GST, or 10 ng, 20 ng or 50 ng of GST-Tip60, for 30 min at 30°C. The reactions were
terminated by addition of 4xSDS sample buffer, and analyzed by immunoblotting using
anti-TIP60, anti-H2A.Z and anti-H2A.Zac antibodies.

Native chromatin immunoprecipitation—MEFs expressing HA-tagged H2A.Z
constructs were trypsinized 48h after infection and washed with PBS. Cells were then
washed once in buffer A (20 mM HEPES (pH 7.5), 10 mM KClI, 1.5 mM MgCl,, 10%
glycerol, 1 mM DTT, 5 mM sodium butyrate, protease inhibitors), resuspended in buffer

A supplemented with 0.2% TritonX-100 and incubated on ice for 10 min. The nuclei were
centrifuged at 1300xg, washed once with digestion buffer (10 mM Tris-HCI (pH 7.5), 15
mM NacCl), and then resuspended in digestion buffer supplemented with 2 mM CaCl,.
MNase (Thermo Fisher Scientific) was then added at a concentration of 20U/1x10° cells,
and the nuclei incubated at 37°C for 30 min. The reaction was stopped by addition of EGTA
to a final concentration of 10 mM, and nuclei were subjected to hypotonic lysis in TE buffer
(10 mM Tris-HCI (pH 8.0), 1 mM EDTA) for 30 min on ice with occasional mixing. The
mixture was then adjusted to 150 mM NaCl by addition of 3x buffer D (60 mM HEPES

(pH 7.5), 450 mM NacCl, 4.5 mM MgCl,, 0.6 mM EGTA, 1.5% TritonX-100, 30% glycerol,
protease inhibitors), cleared by centrifugation, and clarified supernatant was subjected to
immunoprecipitation using anti-HA magnetic beads (Thermo Fisher Scientific) overnight at
4°C. Beads were subsequently washed 5X with buffer D, eluted in 2x SDS sample buffer
and analyzed by immunoblotting using anti-HA and anti-H3 antibodies.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data presented summarize results obtained from at least two independent biological
replicates. Statistical analyses were performed in R or using GraphPad Prism, as indicated.
Statistical details for the individual experiments, including number of replicates (n),
significance levels and statistical tests used, have been provided in the main text, figure
legends and Methods Details.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Tip60 acetyltransferase is essential for neuronal specification
. Primary substrate of Tip60 during neuronal induction is histone variant
H2A.Z
. Tip60/H2A.Zac promote H3K4me3 deposition and activation of bivalent
promoters
. Bivalent gene activation is necessary for neuronal induction
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Figure 1. Tip60 interacts with neuronal lineage-determining factors.
(A) Design of the study. (B) GO enrichment and network analysis of Brn2, Ascl1 and

Mytll interactome. Overrepresented GO Biological Process categories (g-value < 0.05) were
clustered into modules and interconnected based on the kappa score (>0.4). Size shows
significance, color marks interrelated terms, edge thickness reflects kappa score. (C) Subset
of PPI network showing interactions of TFs with acetyltransferase complexes. Colored
nodes and edges denote candidates identified in this study, translucent nodes and gray edges
represent known PPIs (BioGRID). (D) MYST acetyltransferases identified in this study.
Chromo, chromodomain; C2HC-ZF, C2HC-type zinc finger; Ser-rich, serine-rich; CCHHC-
ZF, CCHHC-type zinc finger®3. (E) Fraction of TauGFP* cells at day 5 of reprogramming
of TauGFP MEFs transduced with Ascll and either vector control, non-targeting control
SshRNA (shNTC), or shRNAs targeting Tip60, Hbol or Mof (n=3). (F) gRT-PCR measuring
Tip60, Hbol and Moftranscript levels two days post-Ascll induction (n=3; error bars,

s.d.). (G) TauGFP levels at day 5 of Ascl1 induction (n=3). Statistical significance, (E, G):
one-way ANOVA; ****p<1074; ***n<1073; ns, not significant, (£#>0.05); error bars, s.d.
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Figure 2. Tip60 is a gate keeper of neuronal cell identity.
(A and B) Immunoblotting at day 2 (A) or at indicated times (B) of Ascl1 induction in

MEFs. (C) Representative immunostaining of cells from (A) at day 14. (D-G) Absolute (D)
or normalized (E-G) TauGFP level at day 5 of reprogramming induced by the combination
of the indicated TFs. (H) Representative immunostaining of cells from (D-G) at day 14.

(1) Strategy used to test the effect of Cas9/sgRNA-mediated depletion of Tip60 on NPCs
differentiation. (J) Immunoblotting at days 0 and 7 of the differentiation of NPCs expressing
SgRNA control (Renilla) or Tip60 sgRNAs (sgRNA#3-#5). (K and L) Differentiation of
NPCs assessed at day 7 by anti-TUJ1 immunostaining. Shown are (K) representative
immunostaining and (L) differentiation efficiency as a fraction of TUJ* cells (n=3). (M

and N) NPCs were co-infected with sRNAs and a vector control or HA-Tip60WT. Shown
are (M) representative immunostaining and (N) differentiation efficiency determined as in
(L) (n=3). Statistical significance, (D-G, L, N): one way ANOVA; **** p<10~4; ***p<1073;
ns, not significant (p>0.05); error bars, s.d. Scale bars: 100um.
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Figure 3. Tip60 acetylates H2A.Z during neuronal induction.
(A) Effect of point and Tip60 truncation mutant proteins on the induction of TauGFP by
Ascll. (Left) Constructs used in structure-function analysis. Point mutations are highlighted
in red. PLIP, a splice variant of Tip60. (Right) Fraction of TauGFP™* cells at day 5 of Ascl1
induction in presence of sShNTC (black) or shTip60#2 (purple), and either vector control

or indicated Tip60 constructs. (B) Representative immunostaining of selected conditions
from (A) at day 14 (see also Figure S4C). Scale bar: 50um. (C-F) Immunoblotting of total
MEF lysates at day 2 post-dox (C and D) or NPCs lysates at day 4 post-infection (F). (E)
Quantification of H2A.Zac signals from (C) (left, n=5) and (E) (right, n=4). (G) /n vitro
acetylation of recombinant H2A.Z using purified GST-Tip60, or GST alone, in the presence
or absence of acetyl-CoA. Statistical significance, (A, E): one way ANOVA; ****p<10™4;
**n<1072; *p<0.05; ns, not significant, (#>0.05); error bars, s.d.
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Figure 4. H2A.Z acetylation is critical for neuronal specification.
(A and B) Immunoblotting (A) and the quantified H2A.Zac intensity (B) at indicated times

of Ascll induction. (C and D) Comparison of immunoblotting signals (C) and normalized
H2A.Zac levels (D) in TauGFP* and TauGFP~ Ascl1-iN cells. (E) Fraction of TauGFP*
cells at day 5 of Ascll-induced reprogramming in the presence of increasing amounts of
control or shH2A.Z (n=3). (F) Representative immunostaining of cells from (E) at day 14.
(G) Schematics of H2A.Z N- and C-terminal amino acid sequences showing acetylation
(Ac) and ubiquitination (Ub) sites, and lysines that were mutated to generate acetylation-
resistant H2A.ZKR, (H) FRAP analysis of Halo-tagged H2A.ZWT, H2A.ZKR H2B, or Halo-
NLS. Fluorescence intensity recovery was measured at the bleach spot in MEFs labeled
with HaloLigand-JF549, at day 2 (n=21 cells, 3 biological replicates; error bars, s.e.m; NLS,
nuclear localization signal). (1) Immunoblotting at day 2 of Ascll induction. Quantification
of endogenous H2A.Z, normalized to HSP90 and to the vector control is shown below. (J
and K) H2A.Zac is required for neuronal induction. Fraction of TauGFP* cells at day 5
(n=6) (J) and representative immunostaining of the quantified cells at day 14 (K) (see also
Figure S5L). Statistical significance, (D): unpaired two-tailed Student’s t-test; (B, E and J):
one way ANOVA; ****p<1074; **p<1072; *p<0.05; ns, not significant, (£>0.05); error bars,
s.d. Scale bars: 100um.
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Figure 5. Tip60 is required for suppression of fibroblast cell identity and induction of neuronal
fate.

(A) Fuzzy c-means clustering of differentially expressed genes (DEGS) identified by RNA-
seq at days 2 and 5 of Ascll induction (n=2, biological replicates; 4,215 DEGs, fold
change (fc)=1.5, padj<0.05). (B) MA plots of pairwise DE analyses between control and
shTip60-expressing Ascl1-iN cells at day 2 (left) or day 5 (right). Upregulated (Up)

and downregulated (Down) genes are colored in red and blue, respectively. NS; not
significant. (C) GO Biological Process term enrichment analysis of genes upregulated (red)
or downregulated (blue) upon Tip60 RNAI in Ascl1-iNs. (D) Number of DEGs detected
upon Tip60 RNAI in MEFs or Ascl1-iNs. X-axis shows days post-infection (MEF) or
post-induction (Ascl1-iN). (E) ISMARA and predicted TF activity in day 5 Ascl1-iNs.
Arrows indicate TF target gene expression (relative to shNTC control): upregulated, red,;
downregulated, blue. Elevated E-box motif activity likely results from a higher Ascll
expression in Tip60-depleted cells. (F and G) Impaired expression of Rest targets in shTip60
cells. (F) Day 5 DEGs ranked based on log,fc, with upregulated and downregulated genes
labeled in red and blue, respectively. Position of Rest targets is indicated below. (G)
Expression of Rest targets in day 5 Ascl1-iNs (Wilcoxon test, unpaired; **** pagj<10~4;
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**padf<0.01; *padj<0.05). (H) GSEA of MEF signature in day 5 DEGs (Ascl1+shNTC vs
Ascl+shTip60#3). NES, normalized enrichment score. (1) Expression of selected fibroblast
and neuronal genes (n=2, RNAseq). (J) PCA of ATAC-seq datasets (n=2, biological
replicates). (K) Tip60 knockdown interferes with chromatin “switch” associated with iN
reprogramming. Average normalized ATAC-seq read count within +1.5kb of MEF- and
iN-specific open chromatin sites that changed accessibility upon Tip60 RNAI by day 5
(6113 sites, fc=2, padj<0.05, with respect to ShNTC). Heatmap was sorted based on the fc
enrichment between day 5 Ascl1+shNTC and rfTA+shNTC. GO term enrichment of the top
1.5k MEF- and iN-specific sites, and selected genes contributing to the terms (right).
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Figure 6. Tip60 promotes H3K4me3 deposition and silent gene activation.
(A) Classification of Tip60 peaks in MEFs (left) and Tip60 peaks that are differentially

enriched between MEFs and day 2 Ascl1-iN (day0-day?2), or day 2 Ascl1-iN and day

5 TauGFP* Ascl1-iN (day2-day5), (fc=2, padj<0.1). Shown are peaks that gain (Up) or
lose (Down) enrichment. (B) E-box motif enrichment at sites gaining Tip60 at day 2. (C)
Dynamics of Tip60 binding at Ascl1/Tip60 co-occupied sites (top) and at sites gaining
Tip60 in the absence of Ascll binding (bottom). (D) Normalized (RPGC) H2A.Zac (left)
or H2A.Z (right) read counts at Ascl1/Tip60 co-bound sites (Ascll peak summit+250bp).
(E-G) Tip60 depletion affects induction of silent (‘off”) genes by Ascll. (E) Day 5
expression of selected Ascll targets (blue, left) and their corresponding ‘on’ (active) and
‘off” (silent) expression category (right) (see also Methods). (F) Expression of all “‘on’/
‘off’ Tip60-regulated Ascll targets (padj<0.01). (G) Association between the direction
of the expression change determined for the ‘off’ genes identified among the indicated
groups of DEGs. Numbers show Odds ratio; p values are in brackets; n.s., not significant.
(H) Expression of genes induced (top) or repressed (bottom) during 5 days of neuronal
induction. (1) Normalized read count (RPGC) at the ‘on’ (top) and ‘off’ (bottom) Ascll
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target gene enhancers and promoters was determined for Tip60, H2A.Zac and H2A.Z in
TauGFP MEFs (Ascll peak summit or TSS, +250bp), and for H3K4me3 (TSS+500bp)
in Cre/ACre-transduced Tip60 cKO MEFs. (J) logs fc in H3K4me3 read count (RPGC,
TSS+500bp), with respect to rtTA+ACre, was determined for the ‘on’/‘off’ genes during
Tip60 cKO MEF reprogramming. The values were plotted for day 5 DEGs (MEF vs
day5 Ascl1-iN, fc=1.5, padj<0.05) that were significantly affected by Tip60 depletion.

Statistical significance: (D, F, H-J) unpaired Wilcoxon test; **** padj<10~4; *** padj<1073,

*pad)<0.05; ns, not significant.
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Figure 7. Tip60/H2A.Zac promote activation of bivalent genes critical for neuronal induction.
(A) Chromatin states (left) and chromatin state enrichment within TSS2kb of Tip60-

regulated ‘off’ genes (right) determined by ChromHMM. (B) Normalized H3K27me3

and H3K4me3 (TSS+500bp), and H2A.Zac and H2A.Z (TSS+250bp) read counts were
determined for MEF genes with TSS overlapping ChromHMM states. Shown are:
H3K27me3:H3K4me3 ratio (left), H2A.Zac and H2A.Z enrichment (middle), and average
gene expression (right). (C and D) gRT-PCR measuring Miat levels in control and Ascl1-iN
cells at indicated times (C) (n=3; error bars, s.e.m.), or at day 2 of neuronal induction (D)
(n=5; error bars s.d.). (E) ChIP-seq (Ascll, H3K27me3, H3K4me3(ENCODE)), Cut&Tag
(Tip60, H2A.Zac, H2A.Z, H3K4me3) and ATAC-seq signal tracks showing chromatin
dynamics at Miat gene locus in MEFs (black) and during neuronal reprogramming.
ChromHMM chromatin states defined in (A) are depicted below. Promoter-proximal region
(blue) and enhancer region (gray) are shown. (F-G) Fraction of TauGFP™* cells at day

5 (n=3; error bars, s.d.) (F), and representative immunostaining at day 14 (G) of Ascl1-
induced reprogramming. Statistical significance, (B): unpaired Wilcoxon test; (D, F): one-
way ANOVA. ****nc]0~4: *** pc1073: ** p<1072; *p<0.05; ns, not significant (>0.05).
Scale bar: 100um.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

MAP2 Abcam Cat# ab5392; RRID:AB_2138153
MAP2 Sigma-Aldrich Cat# M9942; RRID:AB_477256
TUJl BioLegend Cat# 801202; RRID:AB 10063408
HA.11 (mouse) BioLegend Cat# 901501; RRID:AB_2565006
HA.11 (rabbit) BioLegend Cat# 902301; RRID:AB_2565018

H2A.Zac (Lys4/Lys7) Cell Signaling Technology Cat# 75336; RRID:AB_2799867
Ki67 BD Biosciences Cat# 550609; RRID:AB_393778
HSP90 Cell Signaling Technology Cat# 4874; RRID:AB_2121214
TIP60 Santa Cruz Biotechnology Cat# sc-166323; RRID:AB_2296327
TIP60 Frank et al., 200313° gift from Dr. Bruno Amati

ASCL1 Abcam Cat# ab74065; RRID:AB_1859937
FLAG Sigma-Aldrich Cat# F7425; RRID:AB_439687
SIN3B Santa Cruz Biotechnology Cat# sc-996; RRID:AB_2187785
B-ACTIN Sigma-Aldrich Cat# A5441; RRID:AB_476744
DESMIN Abcam Cat# ab32362; RRID:AB_731901
H2Aac Cell Signaling Technology Cat# 2576; RRID:AB_2118805
H2A Cell Signaling Technology Cat# 12349; RRID:AB_2687875
H2A.Z Active Motif Cat# 39113; RRID:AB_2615081
H2A.Z Abcam Cat# ab4174; RRID:AB_304345
H3K9ac Cell Signaling Technology Cat# 9649; RRID:AB_823528
H3K14ac Cell Signaling Technology Cat# 7627; RRID:AB_10839410
H3K18ac Cell Signaling Technology Cat# 13998; RRID:AB_2783723
H3K27ac Abcam Cat# ab4729; RRID:AB_2118291
H3K56ac Cell Signaling Technology Cat# 4243; RRID:AB_10548193
H3 Cell Signaling Technology Cat# 3638; RRID:AB_1642229
H4K5ac Cell Signaling Technology Cat# 8647; RRID:AB_11217428
H4K12ac Cell Signaling Technology Cat# 13944; RRID:AB_2798350
H4K16ac Millipore Cat# 07-329; RRID:AB_310525
H4 Cell Signaling Technology Cat# 2935; RRID:AB_1147658
H3K4me3 Active Motif Cat# 39159; RRID:AB_2615077
APC-BrdU (3D4) BioLegend Cat# 364114; RRID:AB_2814315
FLAG M2 affinity agarose Sigma-Aldrich Cat# A2220; RRID:AB_10063035

Pierce™ Anti-HA Magnetic Beads

Thermo Fisher Scientific

Cat# 88836; RRID:AB_2861399

guinea pig anti-rabbit 1gG

antibodies online

Cat# ABIN101961; RRID:AB_10775589

Bacterial and virus strains

E. coli: T7 Express lysY/lq

New England Biolabs

Cat# C3013lI
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REAGENT or RESOURCE SOURCE IDENTIFIER

E. coli: BL21(DE3) Agilent Cat# 200131
Chemicals, peptides, and recombinant proteins

DMEM media Gibco Cat# 11965-092
DMEM/F12 media Gibco Cat# 11320-033
N2 supplement Gibco Cat# 17502-048
B27 supplement Gibco Cat# 17504-044
Insulin Sigma-Aldrich Cat# 16634

FGF PeproTech Cat# PHG0263
EGF R&D Systems Cat# 236-EG-01M

KnockOut™ Serum

Thermo Fisher Scientific

Cat# 10828-028

HyClone™ Fetal Bovine Serum

Thermo Fisher Scientific

Cat# SH30071.03

HyClone™ Cosmic Calf Serum

Thermo Fisher Scientific

Cat# SH30087.04

Horse Serum

Thermo Fisher Scientific

Cat# 26050-070

SpCas9

Integrated DNA Technologies

Cat# 1081058

Opti-MEM™

Thermo Fisher Scientific

Cat# 31985-062

Polyethyleneimine (PEI)

Polysciences Inc.

Cat# 23966-2

Accutase Thermo Scientific Cat# NC9464543
Doxycycline Sigma-Aldrich Cat# P3655
SU9516 Selleckchem Cat# S7636
Shield-1 Cheminpharma Cat# S1-0001
APC Annexin V BD Biosciences Cat# 550475
5-Bromo-2’-deoxyuridine Sigma-Aldrich Cat# B5002

JF-549-HaloTagLigand

Grimm et al., 2015110

gift from Dr Luke Lavis

cOmplete™, EDTA-free Protease Inhibitors Roche Cat# 11873580001
FLAG peptide Sigma-Aldrich Cat# F3290
Digitonin Millipore Cat# 300410

Proteinase K

Thermo Fisher Scientific

Cat# ABIN101961

Benzonase Millipore Cat# 1016540001
Dithiothreitol Promega Cat# V3151
lodoacetamide Sigma-Aldrich Cat# 11149
Sequencing Grade Modified Trypsin Promega Cat# V5113
TRIzol Invitrogen Cat# 15596026
SYBR green Applied Biosystems Cat # 4367659
Acetyl-CoA Sigma-Aldrich Cat# A2056
MNase Thermo Fisher Scientific Cat# 88216
AMPure XP Beckman Coulter Cat# A63881
RQ1 RNAse-free DNAse Promega Cat# M6101
Concanavalin A beads Bangs Laboratories Cat# BP531
Dynabeads™ MyOne™ Streptavidin C1 Thermo Fisher Scientific Cat# 65001
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Ni-nitrilotriacetic acid (NTA) resin Qiagen Cat# 30210
Novagen™ S-protein Agarose Sigma-Aldrich Cat# 697043

Glutathione Sepharose 4b

GE Healthcare

Cat# 17-0756-01

Recombinant histone H2A.Z Millipore Cat# 14-1109
Critical commercial assays

mES Cell Nucleofector® Kit Lonza Cat# VAPH-1001
Ovation RNA-seq System V2 NuGEN Cat# 7102-08

NEBNext Ultra DNA Library Prep Kit

New England Biolabs

Cat# E7370S

NEB Next High-Fidelity 2x PCR Master Mix

New England Biolabs

Cat# M0541L

SuperScript™ 111 First-Strand Synthesis System

Thermo Fisher Scientific

Cat# 18080-051

Deposited data

RNA-seq This paper GEO: GSE181965
ATAC-seq This paper GEO: GSE181965
Cut&Tag This paper GEO: GSE181965
MEF: H3K4mel ChlIP-seq ENCODE ENCSRO00CAZ
MEF: H3K4me3 ChlIP-seq ENCODE ENCSRO00CBA
MEF: CTCF ChIP-seq ENCODE ENCSR0O00CBW
MEF: POLR2A ChlIP-seq ENCODE ENCSR000CBX
MEF: H3K27ac ChIP-seq ENCODE ENCSRO000CDI
MEF: Control ChIP-seq ENCODE ENCSR000CBB

MEF: H3K27me3, H3K36me3, H3K9me3 ChIP-seq

Mikkelsen et al., 20075°

GEO: GSE12241

MEFiN ATAC-seq and RNA-seq

Wapinski et al., 201716

GEO: GSE101397

Ascl1 ChIP-seq

Wapinski et al., 201317

GEO: GSE43916

Experimental models: Cell lines

V6.5 Rideout et al., 2000% RRID:CVCL_C865
v6.5-TetO-Ascll This paper N/A

Flp-In T-Rex ™ HEK293 Thermo Fisher Scientific Cat#R78007
HEK?293T ATCC Cat#11268

Experimental models: Organisms/strains

Mouse: Crl:CD1(ICR)

Charles River

RRID:IMSR_CRL:022

Mouse: DR4

Jackson Laboratory

RRID:IMSR_JAX:003208

Mouse: C57BL/6J

Jackson Laboratory

RRID:IMSR_JAX:000664

Mouse: Gt(ROSA)2680rtml.1(CAG—casQ*,—EGFP)Fezh/J

Jackson Laboratory

RRID:IMSR_JAX:024858

Mouse: Mapttm1(EGFP)KItg

Jackson Laboratory

RRID:IMSR_JAX:004779

Mouse: Kat5fl/fl This paper N/A
Oligonucleotides
See Table S6 | N/A | N/A

Recombinant DNA

FUW-TetO-Ascll

Vierbuchen et al., 2010%°

RRID:Addgene_27150
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FUW-TetO-Brn2

Vierbuchen et al., 2010%°

RRID:Addgene_27151

FUW-TetO-Mytll

Vierbuchen et al., 2010%°

RRID:Addgene_27152

FUW-TetO-Ngn2-puro

Zhang et al., 20134

RRID:Addgene_52047

FUW-TetO-Zfp238 Wapinski et al., 201716 N/A
FUW-TetO-FLAG-MyoD1 Leeetal., 2020% N/A
FUW-TetO-FLAG/His”-Ascl1 This paper N/A
FUW-TetO-FLAG/His’-Myt1]200-623 This paper N/A
FUW-TetO-BirA-Ascll This paper N/A
FUW-TetO-BirA-Brn2 This paper N/A
FUW-TetO-BirA-Myt1]200-623 This paper N/A

FUW-M2rtTA Hockemeyer et al., 2008107 RRID:Addgene_20342
pG-LAP6-Ascl1 This paper N/A
pG-LAP7-Ascll This paper N/A
pG-LAP6-Brn2 This paper N/A
pG-LAP6- Myt1]200-623 This paper N/A
pG-LAPG- Mytll This paper N/A
FUW-TetO-HA-TIP60 This paper N/A
FUW-TetO-HA-TIP60(PLIP) This paper N/A
FUW-TetO-HA-TIP60(Q337E/G380E) This paper N/A
FUW-TetO-HA-TIP60(K327A) This paper N/A
FUW-TetO-HA-TIP60(L492A/L493A) This paper N/A
FUW-TetO-HA-TIP60(C263A) This paper N/A
FUW-TetO-HA-TIP60(Y47A) This paper N/A
FUW-TetO-HA-TIP60(A25-51) This paper N/A
DD-Cas9-P2A-Puro (pEDCPP) This paper N/A
pEDCPP-Renilla This paper N/A
pEDCPP-Tip60-gRNA#3 This paper N/A
pEDCPP-Tip60-gRNA#4 This paper N/A
pEDCPP-Tip60-gRNA#5 This paper N/A
pSico-Puro N/A gift from Tyler Jacks
pSico-Puro-shNTC This paper N/A
pSico-Puro-shTip60#1 This paper N/A
pSico-Puro-shTip60#2 This paper N/A
pSico-Puro-shTip60#3 This paper N/A
pSico-Puro-shHbo#1 This paper N/A
pSico-Puro-shHbo#9 This paper N/A
pSico-Puro-shMof#1 This paper N/A
pSico-Puro-shMof#4 This paper N/A
pSico-Puro-shEp400#1 This paper N/A
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pSico-Puro-shEp400#2 This paper N/A
pSico-Puro-shTrrap#1 This paper N/A
pSico-Puro-shTrrap#2 This paper N/A
pSico-Puro-shYeats#1 This paper N/A
pSico-Puro-shYeats#3 This paper N/A
pSico-Puro-shRuvbl#2 This paper N/A
pSico-Puro-shRuvbl#3 This paper N/A
pSico-Puro-shH2A.Z.1#3 This paper N/A
pSico-Puro-shH2A.Z.1#4 This paper N/A
pSico-Puro-shH2A.Z.1#5 This paper N/A

pLentiGuide Rubin et al., 2019% RRID:Addgene_117986
pLentiGuide-Renilla This paper N/A
pLentiGuide-Tip60-gRNA#3 This paper N/A
pLentiGuide-Tip60-gRNA#4 This paper N/A
pLentiGuide-Tip60-gRNA#5 This paper N/A
FUW-TetO-H2A.Z.1WT-HA This paper N/A
FUW-TetO-H2A.Z.1KR-HA This paper N/A
FUW-TetO-Halo-NLS This paper N/A
FUW-TetO-Halo- H2A.Z.1WT This paper N/A
FUW-TetO-Halo- H2A.Z.1KR This paper N/A
FUW-TetO-H2B-Halo This paper N/A
FUW-NLS-EGFP-Cre This paper N/A
FUW-NLS-EGFP-ACre This paper N/A

PiggyBac-TetO-Ascl1-neomycin

Ng et al., 2021%

RRID:Addgene_176482

pOG44

Invitrogen

Cat# V6005-20

3XFlag-pA-Tn5-FI

Kaya-Okur et al., 2019134

RRID:Addgene_124601

pGEX6P1-TIP60

This paper

N/A

Software and algorithms

MatLab The Mathworks, Inc. RRID:SCR_001622;
https://www.mathworks.com/products/
matlab.html

Prism GraphPad RRID:SCR_002798; http://
www.graphpad.com/

R R Core Team, 2019115 https://www.r-project.org/

skewer (v0.2.2) Jiang et al., 2014112 RRID:SCR_001151; https://

sourceforge.net/projects/skewer

salmon (v1.4.0)

Patro et al., 2017113

RRID:SCR_017036; https://combine-

lab.github.io/salmon/

DESeq2 Love et al., 2014114 RRID:SCR_015687; https:/
bioconductor.org/packages/DESeq2/
Apegim Zhu et al., 2019116 https://github.com/azhu513/apegim
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sva Leek et al., 2021117 RRID:SCR_012836; https://
bioconductor.org/packages/sva/
limma Ritchie et al., 201518 RRID:SCR_010943; https:/

bioconductor.org/packages/limma/

Mfuzz (v2.44.0)

Futschik and Carlisle,
2005119

RRID:SCR_000523; https:/
bioconductor.org/packages/Mfuzz/

2012125

DAVID 6.8 Huang da et al., 200912 RRID:SCR_001881; https://
david.ncifcrf.gov/

fgsea Korotkevich et al., 2021122 RRID:SCR_020938; https://
bioconductor.org/packages/fgsea/

ISMARA Balwierz et al., 2014%5 https://ismara.unibas.ch/mara/

GeneOverlap (v1.28.0) Shen, 2021123 RRID:SCR_018419; https://
bioconductor.org/packages/GeneOverlap/

cutadapt N/A RRID:SCR_011841; https://
cutadapt.readthedocs.io/en/stable/

Bowtie2 Langmead and Salzberg, RRID:SCR_016368; http://bowtie-

bio.sourceforge.net/bowtie2/index.shtml

MACS2 (v2.2.7.1)

Zhang et al., 2008125

RRID:SCR_013291; https://github.com/
macs3-project/ MACS

IDR

Lietal., 2011127

RRID:SCR_017237; https://github.com/
nboley/idr

ENCODE ATAC-seq pipeline v1.2.0

Consortium, 2012128

https://github.com/ENCODE-DCCl/atac-
seq-pipeline

featureCounts Liao et al., 2014129 RRID:SCR_012919; http:/
subread.sourceforge.net/

BEDTools Quinlan and Hall, 2010136 RRID:SCR_006646; https://github.com/
arg5x/bedtools2

GREAT McLean et al., 2010130 RRID:SCR_005807; http://
great.stanford.edu/public/html/splash.php

deepTools Ramirez et al., 2014131 RRID:SCR_016366; https:/
deeptools.readthedocs.io/en/develop/

HOMER (v4.11.1) Heinz et al., 2010137 RRID:SCR_010881; http:/

homer.ucsd.edu/homer/

ChromHMM (v1.20)

Ernst and Kellis, 2017138

RRID:SCR_018141; http://
compbio.mit.edu/ChromHMM/

Functional Mapping and Annotation (FUMA)

Watanabe et al., 2017139
Watanabe et al., 2019140

RRID:SCR_017521; https://
fuma.ctglab.nl/

UCSC genome browser

Kent et al., 2002133

RRID:SCR_005780; http://
genome.ucsc.edu/

Cytoscape

Shannon et al., 2003%°

RRID:SCR_003032; http://cytoscape.org

ClueGO

Bindea et al., 2009146

RRID:SCR_005748; http:/
www.ici.upmc.fr/cluego/

Adobe Illustrator

Adobe

RRID:SCR_010279; http://
www.adobe.com/products/illustrator.html

Fiji/imageJ Schindelin et al., 2012108 RRID:SCR_002285; http://fiji.sc

Image Studio Lite LI-COR RRID:SCR_013715; https://
www.licor.com/bio/image-studio-lite/

Image Lab BioRad RRID:SCR_014210; http://www.bio-

rad.com
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FlowJo BD Biosciences RRID:SCR_008520; https://
www.flowjo.com/solutions/flowjo
Other

BioGRID database

Oughtred et al., 201938

RRID:SCR_007393; http://
www.thebiogrid.org/
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