Chemical catalyst manipulating cancer epigenome and transcription
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Abstract

Post-translational modification (PTM) of histones dynamically regulates gene
transcription and is closely related to cancer development. Altering the
epigenome is thus a promising strategy for cancer chemotherapy. However, there
have been no methods to artificially introduce physiologically relevant histone
PTMs and their transcription profile without genetic engineering in living cells.
Here we report a cell-permeable histone acetylation catalyst, BAHA-LANA-PEG-
CPP44, enabling cancer epigenome manipulation. The catalyst selectively
entered leukemia cells, bound to chromatin, and selectively acetylated H2BK120
of endogenous histones in a short reaction time. The catalytic histone acetylation
attenuated chromatin binding of negative elongation factor E (NELFE), an RNA
polymerase |l regulatory factor, and changed the transcription profile in leukemia
cells. The in-cell chemical catalysis slowed proliferation of leukemia cells and
reduced their tumorigenic potential in mice. As this approach requires no genetic
engineering and is orthogonal to canonical epigenetic drugs, it may represent a
new modality of cancer chemotherapy.
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In eukaryotic cells, genomic DNA wraps around a histone octamer, consisting of
two copies of each of the four core histones (H2A, H2B, H3, and H4), to form a
nucleosome, the fundamental unit of chromatin. Post-translational modifications
(PTMs) of histones, such as phosphorylation, ubiquitination, methylation, and
acetylation, in nucleosomes make up a large part of the epigenome and have a
fundamental role in determining chromatin structure and function. Euchromatin
(open chromatin) is generally marked by histone acetylation and related to active
transcription and gene expression, while heterochromatin (closed chromatin) is
generally marked by histone methylation and suppresses transcription. The level
of histone PTM is tightly regulated by chromatin-modifying enzymes (writers and
erasers) in living organisms. In the case of histone acetylation, histone
acetyltransferases (HATSs) catalyze the addition of an acetyl group to a histone
lysine residue, while histone deacetylases (HDACs) remove the acetylation.

An abnormal epigenome and abnormal gene expression are hallmarks of cancer’:
2.3.4_Thus, methods that can manipulate the epigenome in cancer hold promise
for therapeutic applications. Small molecule inhibitors of chromatin-modifying
enzymes, such as HDAC inhibitors, have been developed as anti-cancer drugs
and approved by the FDA® 6 7.8 However, this approach might be ineffective
when the target enzymes acquire genetic mutations affecting enzyme activity or
drug efficacy. The direct promotion of histone PTMs in living cells by an artificial
means, bypassing endogenous chromatin-modifying enzymes, is an emerging,
alternative strategy. These methods include genetic code expansion® '8, split
intein ligation'”> 18, dCas9-writer/eraser fusion proteins' ' and chemical
catalysis?®2".22, Among them, the chemical catalysis approach, in which chemical
catalysts directly promote histone PTMs without relying on chromatin-modifying
enzymes, does not require genetic engineering, and thus could substantially
benefit biology and medicine.

Our group previously reported a histone acetylation catalyst, PEG-LANA-DSSMe,
in which a prodrug disulfide form of a thiol-tethered 4-dimethylaminopyridine
(DSH) catalyst is conjugated with a histone-binding LANA (latency associated
nuclear antigen) peptide and a poly(ethylene glycol) (PEG) moiety?°. The PEG-
LANA-DSH catalyst binds to the acidic patch of nucleosomes via LANA, and
efficiently promotes histone- and regio-selective acetylation of the proximal
H2BK120 residue in living cells, using thioester acetyl donors. However, a high
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concentration of acetyl donor (30 mM) was necessary for efficient histone
acetylation, due to its moderate catalyst activity. Furthermore, since PEG-LANA-
DSSMe was cell-impermeable, this approach relied on a bead-loading method to
introduce the catalysts into living cells and thus had limited utility, especially for
therapeutic purposes. In this study, we developed novel cell-permeable chemical
catalysts that promote physiologically relevant histone acetylation without relying
on HAT enzymes in tumor cells and proposed the concept of “catalytic epigenome
therapy”, in which the cancer epigenome can be manipulated by chemical
catalysts.

Development of a cell-permeable histone acylation catalyst targeting
H2BK120

Synthetic H2BK120 acylation was expected to modulate the transcription profile
by attenuating inter-nucleosomal interaction?® or inhibiting H2B ubiquitination?.
Therefore, we sought to design new chemical catalysts that could selectively
acylate H2BK120 by crossing the cell membrane, migrating to the nucleus,
binding to the H2BK120-proximal acidic patch on the nucleosome, and activating
a stable acyl donor molecule (Fig. 1a). We envisioned a chemical catalyst
comprised of four motifs that could achieve catalytic histone acylation in living
cells (Fig. 1a): a cell-penetrating peptide (CPP) to permeate the cell membrane,
a LANA peptide to bind the nucleosome acidic patch, PEG to shield LANA from
peptidases, and a catalytically active site (CAS) to activate an acyl donor for
lysine acylation.

We began our study from the catalyst structure optimization at the CAS motif.
There are two CAS candidates functional in living cells; DSH, which activates
thioesters, such as acyl-CoAs, through dynamic thiol-thioester exchange and
intramolecular acyl group transfer to form a reactive acyl pyridinium intermediate
23 and boronate-assisted hydroxamic acid (BAHA), which is composed of a
hydroxamic acid moiety and a diol moiety?* (for the chemical structures and
reaction mechanisms of CASs, see Extended Data Fig. 1). BAHA recruits boronic
acid-containing acyl donors to the diol moiety and generates reactive acyl
hydroxamate intermediates through the subsequent intramolecular acyl group
transfer. We compared these CASs and found that BAHA showed higher histone
acetylation activity than DSH, especially under BSO (an inhibitor of glutathione
synthesis)-free conditions (Extended Data Fig. 2a-c), suggesting that BAHA is
more resistant to intracellular glutathione than DSH. Next, we optimized LANA
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and PEG motifs. Previous study suggested that conjugation of a PEG motif to the
C-terminus of LANA decreased the affinity of LANA with nucleosomes?.
Therefore, we screened the PEG-conjugation position by substituting each amino
acid of the LANAs.15 peptide to an acetylated lysine, used as a model for PEG-
conjugated lysine, and found that the 13th serine was the best position for PEG
conjugation (Extended Data Fig. 3a-d). Finally, we optimized the CPP motif. We
first conjugated oligo-arginine peptides?® 2527, such as 8r and 16r (an 8-mer and
a 16-mer of D-arginine, respectively), to FITC-labeled LANA-PEG compounds
and examined their membrane permeability for HeLa S3 cells (cervical cancer
cell line). When FITC-LANA-PEG-8r (S22, Extended Data Fig. 4a, 50 yM) was
added to cell culture media, fluorescent signals mainly localized in endosomes,
suggesting that S22 failed to escape from endosomes (Extended Data Fig. 4b).
For FITC-LANA-PEG-16r (S27, Extended Data Fig. 4c), 16r was conjugated with
FITC-LANA-PEG via a disulfide bond, with the expectation that the disulfide bond
would be cleaved by glutathione to release FITC-LANA-PEG in the cells. While
S27 localized in nuclei at 5 yM (Extended Data Fig. 4d), no nuclear localization
was observed at 2 yM (Extended Data Fig. 4d). We also confirmed chromatin
localization of S27 (5 yM) in HEK293T cells (embryonic kidney cell line)
(Extended Data Fig. 4e). Taken together, S27 permeated through cell
membranes and localized at chromatin in both HeLa S3 and HEK293T cells. We
then conjugated cell type-selective CPPs, such as leukemia cell-selective
CPP442%8, FITC-LANA-PEG-CPP44 (S34, Extended Data Fig. 5a), but not FITC-
LANA-PEG (S32, Extended Data Fig. 5a), efficiently entered THP-1 cells (MLL-
rearrangement leukemia cell line) and localized at chromatin, while S34 did not
enter HeLa S3 cells or PBMC (peripheral blood mononuclear cells) (Fig. 2a, b).
S34 failed to enter THP-1 cells when a dynamin inhibitor was added or at 4 °C
(Extended Data Fig. 5b, c), suggesting that the cell penetrating mechanism of
S34 into THP-1 cells was through a dynamin- and ATP-dependent endocytic
pathway, as suggested by the previous report?®. Based on these optimizations,
we synthesized BAHA-LANA-PEG-CPP44 (1: Fig. 1b) as a leukemia cell-
selective catalyst, and BAHA-LANA-PEG-16r (S30: Extended Data Fig. 4c),
which may have no cell-type selectivity, as a catalyst for non-leukemia cells.

In-cell H2BK120 acetylation by cell-permeable histone acylation catalysts

We examined the cytotoxicity of BAHA-LANA-PEG-16r catalyst (S30) in HeLa S3
cells. While 2 uM S30 did not show apparent cytotoxicity, greater than 5 yM S30
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was cytotoxic (Extended Data Fig. 4f). We then evaluated the effects of the CPP
motif by comparing the in-cell histone acetylation activity of S30 and CPP-non-
conjugated BAHA-LANA-PEG catalyst (3) using HeLa S3 and HEK293T cells.
After cells were treated with S30 or 3 (5 yM) and acetyl donor 4 (0.4 mM), the
cells were stained with 4" ,6-diamidine-2-phenylindole dihydrochloride (DAPI) to
exclude potential artifacts caused by contaminated dead cells. We sorted DAPI-
negative cells (i.e., living cells) and examined acetylation of H2BK120 by both
immunoblot analysis using a H2BK120ac-specific antibody and LC-MS/MS
analysis. Remarkably, S30, but not 3, promoted H2BK120 acetylation in both
HelLa S3 and HEK293T cells (Extended Data Fig. 4g, h). However, acetylation
stoichiometry was low (~ 5% yield) (Extended Data Fig. 4i), which limited utility of
S30.

Next, we examined the cytotoxicity of BAHA-LANA-PEG-CPP44 catalyst
(1) and found that less than 20 uM 1 did not show any cytotoxicity in THP-1 cells
(Fig. 2c). We also confirmed that less than 2 mM acetyl donor 4 was not toxic in
THP-1 cells (Fig. 2d). As a negative control catalyst, we synthesized BAHA-
mutLANA-PEG-CPP44 (2), lacking nucleosome-binding ability (Fig. 1b, Extended
Data Fig. 5d). We confirmed that 1 and 3, but not 2, had histone acetylation ability
for recombinant nucleosomes in test tubes (Fig. 2e). We then assessed in-cell
histone acetylation activity. We added 10 yM 1 and 1 mM 4 to the culture media
of THP-1 cells and examined acetylation of H2BK120 by immunoblot. H2BK120
acetylation was significantly promoted by 1 and 4 combined, but not by 1 or 4
alone (Fig. 2f). H2BK120 ubiquitination was reduced by catalytic H2BK120
acetylation promoted by 1 and 4, as was observed previously (Fig. 2f)?°. 2 or 3
with 4 did not promote H2BK120 acetylation in THP-1 cells, confirming that both
LANA and CPP44 were essential for in-cell histone acetylation activity of the
catalyst (Fig. 2f).

Characterization of the catalytic histone acetylation in leukemia cells

Since the catalytic histone acetylation by 1 inhibited Mg?*-promoted nucleosome
self-association and the formation of phase-separated 12-mer nucleosome
arrays in vitro (Extended Data Fig. 6a-c), we expected that H2BK120 acetylation
may attenuate inter-nucleosomal interaction and affect chromatin structures as
well as gene transcription in cells. Therefore, we characterized the catalytic
histone acetylation by 1 in THP-1 cells in detail.

Catalyst 1 with acetyl donor 4 promoted histone-selective acetylation, and other
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proteins showed little to no acetylation (Extended Data Fig. 7a). To evaluate
lysine residue selectivity, we quantified the acetylation stoichiometry of histone’s
lysine residues by LC-MS/MS analysis. The result showed that the main
acetylation site was H2BK120 (~38% yield, Fig. 2g). H2BK116 and H2AK15 were
slightly acetylated (~5% yield), and other lysine residues, including those in H3
or H4 tail, were rarely acetylated (Fig. 2g). Catalyst 1 promoted acetylation of
H2BK120 when H2BK120ac writer enzymes p300 (KAT3B) and CBP (KAT3A)?°
were knocked down with RNAi (Extended Data Fig. 7b). Furthermore, treatment
of THP-1 cells with an HDAC inhibitor SAHA did not affect catalyst-dependent
H2BK120 acetylation (Extended Data Fig. 7c). These results indicate that
H2BK120ac was directly introduced by catalyst 1 and the acetylation reaction did
not depend on cellular HAT or HDAC activity.

The BAHA catalyst promotes not only acetylation but also other acylations,
including non-natural ones, simply by changing acyl donors?. Therefore, we
prepared acyl donors with pentynoyl S35, azidobutyryl S36, methyl succinyl S37,
and butyryl S38 groups (Extended Data Fig. 8a) and conducted in-cell acylation
reactions with catalyst 1. As expected, the addition of 1 and the acyl donors to
THP-1 cells promoted histone acylation in all cases (Extended Data Fig. 8b-c).
We showed that catalytically incorporated azidobutyrylated histones can be
labeled by alkyne-conjugated TAMRA via click chemistry, visualizing
endogenous histones in THP-1 cells (Extended Data Fig. 8d).

To address the cell-type selectivity of the catalytic histone acetylation reaction,
we treated various leukemia cell lines (THP-1, MOLM-13, MV-4-11, Kasumi-1,
and K562) and non-leukemia cell lines (HeLa S3, HEK293T, and PBMC) with 10
MM 1 and 1 mM 4 and examined acetylation of H2BK120 by immunoblot analysis
(Fig. 2h). Consequently, H2BK120 acetylation was promoted by 1 with 4, but not
by 2 with 4, in all the leukemia cell lines, while it was hardly promoted in non-
leukemia cell lines (Fig. 2h). These data showcased the high leukemia cell-
selectivity of the catalytic histone acetylation.

Transcriptional changes and anti-leukemia effects induced by catalytic
histone acetylation

To investigate whether the catalytic histone acetylation affected the transcription
profile, we performed transcriptome analysis. RNA sequencing (RNA-seq) of
acetylated THP-1 cells treated with 1 and 4 for 4 hours identified 634 upregulated
(UP) and 466 downregulated (DOWN) genes compared to unacetylated THP-1
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cells treated with 2 and 4 for 4 hours (Fig. 3a). Since the catalytic histone
acetylation reduced ubiquitination of H2B (Fig. 2f), which is required for the
expression of MLL-fusion target genes in MLL-rearranged leukemia cells*®, we
first assessed transcriptional changes of 330 MLL-fusion target genes. However,
transcription of MLL-fusion target genes was largely unchanged by the catalytic
histone acetylation (Fig. 3b), probably due to insufficient reduction of H2B
ubiquitination. We then conducted Gene Ontology (GO) analysis to identify that
UP genes were related to regulation of apoptosis, cell cycle, or transcription
(Extended Data Fig. 9a), although DOWN genes did not have such significant
features (Extended Data Fig. 9b). We further confirmed this correlation by RT-
gPCR analysis of selected genes related to these GO-terms, such as EGR1, JUN,
or p21 (Extended Data Fig. 10a). Consistently, the catalytic histone acetylation
induced cell cycle arrest at G1/S phase and apoptosis in THP-1 cells (Fig. 3c, d).
Next, we investigated whether catalytic histone acetylation affects proliferation of
leukemia cells. When histones in THP-1 cells were acetylated by 1 and 4, the
proliferation of THP-1 cells was inhibited for several days (Fig. 3e). In contrast,
the treatment with 2 and 4 did not inhibit proliferation (Fig. 3e), indicating that the
proliferation inhibition was the consequence of the catalytic histone acetylation.
The anti-proliferative effects of catalytic histone acetylation were not only
observed in the MLL-rearrangement leukemia cells (THP-1, MOLM-13, MV-4-11),
but also leukemia cells without MLL translocations (Kasumi-1, K562) (Fig. 3f). In
contrast, the proliferation of HeLa S3 cells was not affected by the treatment with
1 and 4 (Fig. 3f), confirming the leukemia cell-selectivity of the catalyst. We also
tested the in vivo-tumorigenic potential of the catalytic histone acetylation in
leukemia cells. The Akaluc-bearing MOLM-13 leukemia cells were acetylated by
1 and 4, and then intravenously injected to NOG mice. As a result, the mice
treated with acetylated MOLM-13 cells showed significantly slower cancer
progression and longer survival than the mice treated with unacetylated MOLM-
13 cells using 2 and 4 (Fig. 3g, h). These results demonstrate that the catalytic
histone acetylation reduced the tumorigenic potential of leukemia cells both in
vitro and in vivo.

Mechanistic insight into transcriptional changes by catalytic histone
acetylation

To explore how the catalytic histone acetylation affects gene transcription, more
specifically how upregulated genes are differentiated from other genes, we

https://doi.org/10.26434/chemrxiv-2024-g1cq3-v2 ORCID: https://orcid.org/0000-0002-2946-6627 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-g1cq3-v2
https://orcid.org/0000-0002-2946-6627
https://creativecommons.org/licenses/by-nc-nd/4.0/

studied the transcriptional changes immediately following the reaction. The time-
course analysis of the reaction progress in THP-1 cells showed that H2BK120
acetylation proceeded within 30 min of the treatment with 1 and 4, and reached
a plateau at approximately 60 min (Fig. 4a). This kinetic profile was similar to that
of histone-tail acetylation after treatment with an HDAC inhibitor, SAHA (Fig. 4a).
Thus, we analyzed transcriptional changes at 45 min after the treatment with
catalyst 1 or 2 and acetyl donor 4. RNA-seq of acetylated THP-1 cells with 1 and
4 identified 124 upregulated (UP) and 105 downregulated (DOWN) genes
compared to unacetylated THP-1 cells treated with 2 and 4 (Fig. 4b). We
examined chromatin binding of RNA polymerase Il (Pol Il) after the catalytic
histone acetylation by chromatin immunoprecipitation sequencing (ChlP-seq)
and found that chromatin binding of RNA Pol Il was significantly increased in UP
genes (Fig. 4c, e). This result suggests that the catalytic histone acetylation
promoted transcription of subset of genes by RNA Pol II.

We initially hypothesized that the observed transcriptional changes induced by
the catalytic histone acetylation were due to the difference in the H2BK120
acetylation level depending on the gene locus. Thus, we conducted ChlP-seq
analyses of H2BK120ac. However, the H2BK120 acetylation level increased both
in UP and DOWN genes (Fig. 4d, e). Because catalyst 1 consistently bound to
nucleosomes irrespective of the gene loci, H2BK120 acetylation was not gene-
selective. Thus, we alternatively assumed that a specific transcription factor (TF)
was involved in the selective transcriptional changes. We searched for TFs
correlated with UP or DOWN genes in the Encyclopedia of DNA Elements
(ENCODE) Transcription Factor Targets dataset to identify that UP genes, but not
DOWN genes, significantly correlated to the binding sites of negative elongation
factor E (NELFE) in human leukemia cell line K562 (Fig. 4f, Extended Data Fig.
9c). NELFE is a component of a negative elongation factor (NELF) complex.
ChiIP-seq analyses of NELFE in unacetylated THP-1 cells treated with 2 and 4
confirmed the localization of NELFE in significantly higher levels at UP genes
than others (Fig. 4g). We then examined if the catalytic histone acetylation with 1
and 4 affects chromatin binding of NELFE. ChlP-seq analyses of NELFE in THP-
1 cells showed that the chromatin localization of NELFE was notably reduced by
the catalytic histone acetylation (Fig. 4e, h), while the protein level of NELFE in
the whole cell was comparable between acetylated and unacetylated cells (Fig.
4i). The catalytic histone acetylation comprehensively reduced the localization of
NELFE in gene loci with high and low levels of NELFE (Extended Data Fig. 10b).
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Interestingly, transcription of genes with high-level NELFE was significantly
enhanced by the catalytic histone acetylation, whereas transcription of genes with
low-level NELFE was not affected (Fig. 4j). This result suggests that high-level
NELF inhibits gene transcription, while the catalytic histone acetylation induces
the release of NELF from chromatin and mitigates the inhibitory effects of high-
level NELF (Fig. 4k). Overall, the observed gene selectivity in transcriptional
upregulation by the catalytic histone acetylation is likely due to the distribution of
high-level NELF on chromatin.

Discussion

Although previous reports showed chromatin localization of H2BK120ac on
transcriptionally active genes?® 3!, functions of H2BK120ac have remained
unclear. BAHA-LANA-PEG-CPP44 catalyst 1 selectively acetylated H2BK120 in
living cells and thus can be used to address the downstream consequences of
H2BK120ac. The fact that chromatin localization of NELFE was reduced
immediately after H2BK120 acetylation suggests the role of H2BK120ac to
release NELF complex from chromatin in THP-1 leukemia cells. Further analysis
is needed to elucidate the mechanisms of releasing NELF by H2BK120
acetylation. A reader protein of H2BK120ac might be involved in this process, but
such a protein has not been identified yet. NELF was initially isolated from human
nuclear extract as a complex that prevents RNA Pol l[I-dependent transcription on
a naked DNA template®. Although in-vitro biochemical and structural studies
indicated the role of NELF in RNA pol Il pausing at the promoter-proximal region3?
3435 the function of NELF in cells is yet to be fully elucidated. While NELF is
essential for regulation of promoter-proximal RNA Pol Il in the hsp70 gene in
Drosophila®®: 37, several in-vivo studies showed that not all promoter-proximal
pausing is dependent on NELF38 3% 40, Fyurthermore, a recent study suggested
that NELF plays a positive role in transcription elongation by stabilizing 5’ end of
transcripts®®. Our data showed that transcription of genes with high-level NELFE
was upregulated by the catalytic histone acetylation, which likely supports the
negative role of NELF in transcriptional elongation. However, the fact that the
catalytic histone acetylation also downregulated transcription of a subset of
genes may reflect the positive roles of NELF in transcriptional elongation.
Several reports showed that knockout or knockdown of NELF inhibited the
development of various cancers*'- 42 43. 44 suggesting that NELF acts as an
oncoprotein and is a potential target of cancer chemotherapy. Our observations
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that the catalytic histone acetylation furnished anti-leukemia effects are likely due
to loss of chromatin localization of NELF. Catalyst 1 acetylates H2BK120, but not
lysine residues in histone tails, the main targets of endogenous HAT and HDAC
enzymes. Therefore, the catalytic histone acetylation is orthogonal to cancer
epigenetic drugs targeting histone-modifying enzymes, such as HDAC inhibitors.
The anti-cancer effects of our catalyst approach would be further enhanced by
combining with HDAC inhibitors. This is the first example of intervening cancer
epigenome and changing the transcription profile in living cells entirely relying on
the chemical catalysis independent of enzymatic processes. The BAHA-LANA-
PEG-CPP44 catalyst 1-acyl donor 4 system is highly modulable (Fig. 1b). For
example, changing CPP44 to other CPPs, such as CPP228, may realize catalytic
histone acetylation in cancer cells other than leukemia cells as CPP determines
the cell-selectivity. Changing the position of the catalytically active BAHA motif on
the LANA ligand may change the regioselectivity of histone acetylation, since the
BAHA catalyst selectively acetylated a proximal lysine. Changing the acyl group
of 4 switches the acyl group introduced to H2BK120 and likely modulates the anti-
cancer effects. Furthermore, other PTMs, such as lysine methylation or tyrosine
phosphorylation, can be incorporated into histones when BAHA is changed to an
alternate catalytically active motif promoting the intended PTM, which is under
development in our group. We envision that the “catalytic epigenome therapy”
presented here will lead to a new modality of anti-cancer therapy in the future.
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Fig. 1: Schematics of catalytic histone acetylation in living cells and
chemical structures of catalysts and acetyl donor used in this study.
a, The BAHA-LANA-PEG-CPP44 catalyst penetrates the cell membrane via a
cell penetrating peptide (CPP). Poly(ethylene glycol) (PEG) shields the LANA
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peptide from peptidases. The LANA peptide binds the acidic patch of
nucleosomes, and a catalytically active site (CAS) promotes the acetylation of a
proximal lysine residue in histones using an acetyl donor. b, Structures of
BAHA-LANA-PEG-CPP44 1, BAHA-mutLANA-PEG-CPP44 2, BAHA-LANA-
PEG 3, and acetyl donor 4.
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Fig. 2: BAHA-LANA-PEG-CPP44 catalyst promoted H2BK120 acetylation in
leukemia cells.

a-b, Cells were treated with S32 or S34 (50 uM) for 60 min. Representative
microscopic images of FITC-LANAs13k-PEGss0 S32 and FITC-LANAs13k-PEGsso-
CPP44 S34 in the indicated cell line. DNA was stained with Hoechst 33342 to
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visualize chromatin distribution. Scale bar, 10 ym. c-d, Cytotoxicity of catalyst 1
or acetyl donor 4. THP-1 cells were treated with 1 or 4 for 6 hours. Error bars
represent the data range of two independent experiments. e, Immunoblot
showing H2BK120 acetylation (H2BK120ac) levels of recombinant nucleosomes
treated with catalyst 1, 2, or 3 (2 uM) and acetyl donor 4 (0.1 mM) for 2 hours. f,
Immunoblot showing H2BK120ac and H2BK120 ubiquitination (H2Bub) levels in
THP-1 cells treated with catalyst 1, 2, or 3 (10 uM) and acetyl donor 4 (1 mM) for
4 hours. g, LC-MS/MS analysis for lysine acetylation levels of histone H2A, H2B,
H3, or H4 in THP-1 cells treated with catalyst 1 or 2 (10 yM) and acetyl donor 4
(1 mM) for 4 hours. The acetylation yield was calculated as the ratio of acetylated
lysine to (acetylated lysine + unmodified lysine) detected by LC-MS/MS, and the
difference of the yield with 1 from the yield with 2 is shown. Each number
corresponds to the position of lysine residue in the histone protein. h, Immunoblot
showing H2BK120ac levels in the indicated cell lines treated with catalyst 1 or 2
(10 uM) and acetyl donor 4 (1 mM) for 2 hours. The loading amounts of histones
were visualized with Oriole staining in e-g.

21

https://doi.org/10.26434/chemrxiv-2024-g1cq3-v2 ORCID: https://orcid.org/0000-0002-2946-6627 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-g1cq3-v2
https://orcid.org/0000-0002-2946-6627
https://creativecommons.org/licenses/by-nc-nd/4.0/

2+4vs1+4(4hours) [ﬁ[—|
: ' UP: 634 ” ”
i [\ 3 - DOWN: 466 x mGO/G1
g ‘; . 2 40 =S
e v B IS 20
o LlL II‘ID‘”’”
o) e 5 ‘
LRI S 0
0 i catalyst
-10 0 10
donor(4) - + + -
logz(FoldChange) @ * *
cell line THP-1 Hela S3
b d
MLL-target genes (330 genes) THP-1 HelLa S3
10000 20 20
* l'll'l
1000 . - 15 = DMSO
- 5 10 10 ul+4
® NSNS
o UP: 12 £ 5 A NSNS w2+4
DOWN: 6 ii” b Ngﬁs
0 &
. early Iate dead early late dead
10 100 100010000
1 apop. apop. apop. apop.
2+4
Time after
e f acetylation
[- i O 0 days
g 1000y Tie [ '§‘100‘ -’ } [0 2 days
2z = . y
5 50| 3 90|, ﬁﬁ @ 4 days
1
= .
ol L 1 || | ol LN i | 6 days
Catalyst — 1 - 1 ® b - 3
Donor4 - - + + + celine 3 I 5 g 3
Cell line THP-1 g = ¢ T
h
§
|
vﬂ IIIIIIIII 1‘0 lllllllll 2‘0 llllllll I”
Overall survival (0S) days
—1_2+4
—— 1+4

Fig. 3: Transcriptional changes and anti-leukemia effects induced by
catalytic histone acetylation.

Before analysis, cells were treated with catalyst 1 or 2 (10 uM) and acetyl donor
4 (1 mM) for 4 hours. a-b, Correlation between catalytic histone acetylation and
gene transcription. After acetylation for 4 hours, THP-1 cells were analyzed by
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RNA-seq. In a and b, red and blue dots represent significantly upregulated and
downregulated genes, respectively (P < 0.05, log2FC > 1 or < 1). Gray dots
represent other genes (NS). a, Volcano plot denoting differential expression of
genes. b, Scatter plot of the FPKM+1 value of MLL-fusion target genes (Human
Gene Set: KUMAR_TARGETS_OF_MLL_AF9_FUSION). ¢, Correlation between
catalyst-promoted acetylation and cell cycles. Cells were treated with catalyst 1
or 2 (10 uM) and acetyl donor 4 (1 mM) for 4 hours, and the medium was replaced
with fresh medium. After 18 h, cells with different cell cycle (G0/G1, S, or G2/M)
were classified by flow cytometry for DNA content. Error bars represent the
standard deviation of three independent experiments (*P < 0.05, one-way ANOVA
with Tukey’s post hoc test, NS: not significant). d, Correlation between catalyst-
promoted acetylation and apoptosis. Cells were treated with catalyst 1 or 2 (10
pMM) and acetyl donor 4 (1 mM) for 4 hours, and the medium was replaced with
fresh medium. After 48 hours, cells with early apoptosis (apop.), late apoptosis,
or dead were classified by flow cytometry for Annexin V and 7-AAD staining. Error
bars represent the standard deviation of three independent experiments (*P <
0.05, one-way ANOVA with Tukey’s post hoc test, NS: not significant). e-f,
Correlation between catalytic histone acetylation and proliferation of cell lines.
After acetylation for 4 hours, the medium was replaced with fresh medium. The
numbers of trypan blue-negative cells at 0-6 days are shown, normalized to
DMSO-treated cells in e or 4-treated cells in f. Error bars represent the standard
deviation of four independent experiments. g-h, Correlation between catalytic
histone acetylation and the tumorigenic potential in mice. After acetylation for 4
hours, Akaluc-expressing 3x106 MOLM-13 cells were intravenously injected to
NOG mice. g, Images of bioluminescence signals in recipient mice at 7 and 14
days post-transplantation. h, A Kaplan-Meier survival. Statistical significance was
calculated in comparison of 1+4 to 2+4 treated cells with log-rank tests. *P < 0.05.
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Fig. 4: Mechanistic insights into transcriptional changes by catalytic

histone acetylation.

Before analysis, THP-1 cells were treated with catalyst 1 or 2 (10 yuM) and acetyl
donor 4 (1 mM) for 0-120 min in a, or 45 min in b-j. a, Immunoblot showing histone
modification levels after catalytic histone acetylation (1+4) or SAHA (2 pM)
treatment. b, Volcano plot denoting differential expression of genes in RNA-seq
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analysis was shown. Red and blue dots represent significantly upregulated (UP)
and downregulated (DOWN) genes, respectively (P < 0.05, log2FC > 1 or < 1).
Gray dots represent other genes (NS). c-d, Metagene profiles in ChlP-seq
analyses of RNA polymerase Il (Pol Il) in ¢ or H2BK120ac in d were shown. Red
and blue lines represent significantly upregulated (UP) and downregulated
(DOWN) genes in b, respectively (P < 0.05, log2FC > 1 or < 1). Gray lines
represent other genes (NS). e, Genome browser track example of the ChlP-seq
data over the GADD45B and CITEDZ2 loci visualized by the Integrated Genomics
Viewer (IGV). f, Top-5 enriched clusters of ENCODE TF ChlP-seq 2015 library
from enrichment analysis of upregulated genes (log2FC > 1). g, Metagene profiles
in ChIP-seq analyses of NELFE were shown. Venn diagram indicating
overlapping upregulated (UP) genes and high NELFE genes, which had top-200
normalized tag count of NELFE ChlIP-seq. The P-value was calculated by
Fisher's exact test. h, Comparison of the change of normalized tag count of
NELFE ChlP-seq after acetylation. Data are shown as mean £ SEM (n = 13,710).
The P-value was calculated by Student’s t-test. i, Immunoblot showing NELFE
and H2BK120ac after catalytic histone acetylation. The loading amounts of
proteins were visualized with Oriole staining. j, Comparison of the fold change of
MRNA levels after catalytic histone acetylation. Data are shown as mean + SEM
(n =200 for high NELFE genes, 14,500 for low NELFE genes). The P-value was
calculated by Student’s t-test. k, A plausible mechanism of transcriptional
activation of UP genes with high NELFE by the catalytic histone acetylation. See
Discussion section for details.
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Extended Data Fig. 1: The structures and reaction mechanisms of

catalytically active sites (CASs).
a, The structure of and a plausible reaction mechanism for thiol-tethered 4-

dimethylaminopyridine (DSH) catalyst. b, The structure of and a plausible
reaction mechanism for boronate-assisted hydroxamic acid (BAHA) catalyst.
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Extended Data Fig. 2: Catalyst structure optimization at the CAS motif.

a, Chemical structures of catalysts (S10, S11, S9, 3) and an acetyl donor $12. b,
LC-MS/MS analysis for H2BK120ac levels of recombinant nucleosomes treated
with $10 (2 uM) and NAC-Ac S12 (10 mM) or S9 (2 uM) and an acetyl donor 4
(0.1 mM) for 5 hours. Error bars represent the data range of two independent
experiments. ¢, LC-MS/MS analysis for H2BK120ac levels in HeLa S3 cells. To
cells pretreated with BSO (100 uM), $11 (0.5 mM) and NAC-Ac $12 (30 mM) or
3 (0.5 mM) and an acetyl donor 4 (0.4 mM) were introduced by a bead-loading
method. Then cells were treated with NAC-Ac S12 (30 mM) or acetyl donor 4 (0.4
mM) for 5 hours. The acetylation yield was calculated as the ratio of acetylated
lysine to (acetylated lysine + unmodified lysine) detected by LC-MS/MS. Error
bars represent the data range of two independent experiments.
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Extended Data Fig. 3: Optimization of LANA and PEG motifs.

a, Chemical structures of catalysts S$13-S18. b, LC-MS/MS analysis for
H2BK120ac levels of recombinant nucleosomes treated with catalyst (2 uM) and
NAC-Ac S12 (10 mM) for 5 hours. Error bars represent the data range of two
independent experiments. ¢, Chemical structures of catalysts S19-S20. d, LC-
MS/MS analysis for H2BK120ac levels of recombinant nucleosomes treated with
catalyst (2 yM) and NAC-Ac S$12 (10 mM) for 5 hours. The acetylation yield was
calculated as the ratio of acetylated lysine to (acetylated lysine + unmodified
lysine) detected by LC-MS/MS. Error bars represent the data range of two
independent experiments.
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Extended Data Fig. 4: Conjugation of oligo-arginine as CPP.

a, Chemical structure of compound S22. b, Representative microscopic images
of FITC-LANAs13k-PEGss50-8r $22 in HeLa S3 cells. Cells were treated with S22
(50 pM) for 60 min. DNA was stained with Hoechst 33342 to visualize chromatin
distribution. Scale bar, 20 um. ¢, Chemical structure of compounds S27 and S30.
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d-e, Representative microscopic images of FITC-LANAs13k-PEGss0-16r S27 in
the indicated cell lines. HeLa S3 cells in d or THP-1 cell in e was treated with S27
for 60 min. Scale bar, 30 ym in d, 10 um in e. f, Cytotoxicity of catalyst S30 (1
hour treatment) in HeLa S3 cells. Error bars represent the data range of two
independent experiments. g-h, Immunoblot showing H2BK120ac levels in cells
(g: HeLa S3, h: HEK293T) treated with mBAHA-LANAs13k-PEGss0-16r S30 (5
uM) or BAHA-LANA-PEG 3 for 1 hour and then acetyl donor 4 (0.4 mM) for 3
hours. i, LC-MS/MS quantification of histone acetylation. The acetylation yield
was calculated as the ratio of acetylated lysine to (acetylated lysine + unmodified
lysine) detected by LC-MS/MS. LC-MS/MS analysis for H2BK120ac levels in cells
treated with mBAHA-LANAs13k-PEGss0-16r S30 (5 uM) for 1 hour and then acetyl
donor 4 (0.4 mM) for 3 hours.
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Extended Data Fig. 5: Characterization of CPP44-tethered compounds.

a, Structures of compounds S32 and S34. b-c, Representative microscopic
images of FITC-LANAs13k-PEGs50-CPP44 S34 in THP-1 cells. THP-1 cells were
treated with S34 (50 uM in b, 10 pyM in c) for 60 min. Dynasore is the cell-
permeable dynamin inhibitor. DNA was stained with Hoechst 33342 to visualize
chromatin distribution. Scale bar, 20 um. d, Electrophoretic mobility shift assay of
recombinant nucleosomes (1 pM) incubated with BAHA-LANA-PEG-CPP44 1 or
BAHA-mutLANA-PEG-CPP44 2. Recombinant nucleosomes were visualized by
ethidium bromide staining. Nucleosome-binding ability of BAHA-mutLANA-PEG-
CPP44 2 was significantly lower than that of BAHA-LANA-PEG-CPP44 1.
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Extended Data Fig. 6: Biochemical characterization of acetylated 12-mer
nucleosome array.

a, LC-MS/MS analysis for H2BK120ac levels of recombinant 12-mer
nucleosomes treated with catalyst 1 or 2 (2 uM) and acetyl donor 4 (0.1 mM) for
2 hours. The acetylation yield was calculated as the ratio of acetylated lysine to
(acetylated lysine + unmodified lysine) detected by LC-MS/MS. Error bars
represent the data range of two independent experiments. b, Recombinant 12-
mer nucleosome array was treated with catalyst 1 or 2 (2 uM) and acetyl donor 4
(0.1 mM) for 2 hours. Then, the nucleosome arrays were analyzed in Mg?*-
promoted sedimentation assay. Error bar represents the standard error of four
independent experiments. *P < 0.05 in Student’s {-test. ¢, Recombinant 12-mer
nucleosome array was treated with catalyst 1 or 2 (2 uM) and acetyl donor 4 (0.1
mM) for 2 hours. Then, the nucleosome arrays were analyzed in phase
separation assay. Scale bar, 10 um.
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Extended Data Fig. 7: Protein-selectivity and HAT- or HDAC-dependency of

catalytic histone acetylation.

a, Immunoblot showing H2BK120ac levels in whole cell extract of THP-1 cells
treated with catalyst 1 (10 yM) and acetyl donor 4 (1 mM) for 2 hours. b,
Immunoblot showing H2BK120ac and H3K9ac levels in THP-1 cells transfected
with control or p300- and CBP-specific siRNA, followed by treatment with catalyst
1 or 2 (10 yM) and acetyl donor 4 (1 mM) for 2 hours. ¢, Immunoblot showing
histone modification levels in THP-1 cells treated with catalyst 1 or 2 (10 uM) and
acetyl donor 4 (1 mM) in the presence or absence of SAHA (2 uM) for 2 hours.

33

https://doi.org/10.26434/chemrxiv-2024-g1cq3-v2 ORCID: https://orcid.org/0000-0002-2946-6627 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-g1cq3-v2
https://orcid.org/0000-0002-2946-6627
https://creativecommons.org/licenses/by-nc-nd/4.0/

Ny OMe

=
M OY// OH OVJ oH ° o gu oy//
-5 N 8 -8B N HO” N
HO' Ho” N Ho >=°
{o]
Cr T Ty [
E Bt Et
pentynoyl donor (S35) azidobutyryl donor (S36) methyl succinyl butyryl donor (S38)
donor (S37)
b [kDa] [kDa]
ces | MEEREREN 15 cee | MREREREN 15
P ————
catalyst(1) - - + + catalyst(1) - - + +
donor (835) - + - + donor (S36) - + - +
c [kDal [kDa]
succinyl butyryl
lysine 15 lysine - 15
catalyst (1) - - + 4+ catalyst (1) - -+ %
donor (S37) -+ - o+ donor (S38) -+ -
d DMSO S36 1+ 836
DIC

Extended Data Fig. 8: Catalyst histone acylation in THP-1 cells.

a, Structures of acyl donors S$35-S38. b, THP-1 cells were treated with catalyst 1
(10 uM) and acyl donor S35 or S36 (0.1 mM) for 1 hour. Then histones were
extracted by acid extraction. To detect acylation containing alkyne or azide,
acylated lysines were labeled with TAMRA-azide or TAMRA-alkyne, respectively,
by Cu(l)-catalyzed azide-alkyne cycloaddition reaction. The fluorescence
detection is shown (TAMRA). Proteins were visualized by CBB staining. ¢, THP-
1 cells were treated with catalyst 1 (10 pM) and acyl donor S37 or S38 (0.1 mM)
for 1 hour. Then histones were extracted by acid extraction and analyzed by
immunoblotting with anti-succinyl lysine or anti-butyryl lysine antibody. d,
Representative microscopic images of THP-1 cells treated with catalyst and acyl
donor. Cells were treated with catalyst 1 (10 yuM) and azidobutyryl donor S38 (0.1
mM) for 60 min, followed by fixation and click reaction with TAMRA-alkyne. Scale
bar, 10 pym.
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Extended Data Fig. 9: Enrichment analysis of RNA-seq after catalytic
histone acetylation in THP-1 cells.

a, Top-10 enriched clusters of biological processes from GO-term enrichment
analysis of 634 upregulated genes by acetylation for 4 hours (P < 0.05, log2FC >
1). b, Top-10 enriched clusters of biological processes from GO-term enrichment
analysis of 466 downregulated genes by acetylation for 4 hours (P < 0.05, log.FC
< —1). ¢, Top-5 enriched clusters of ENCODE TF ChIP-seq 2015 library from
enrichment analysis of 105 downregulated genes by acetylation for 45 min
(log2FC < —1).
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Extended Data Fig. 10: The effects of catalytic histone acetylation for
transcription or chromatin localization of NELFE.

a, THP-1 cells were treated with catalyst 1 or 2 (10 yM) and acetyl donor 4 (1
mM) for 4 hours. Then, mMRNAs were purified and analyzed by RT-qPCR. Error
bars represent the standard deviation of three independent experiments (*P <
0.05, one-way ANOVA with Tukey’s post hoc test, NS: not significant). b,
Comparison of the change of normalized tag count of NELFE ChlIP-seq after
catalytic histone acetylation for high NELFE genes (n = 200) and low NELFE
genes (n = 14,500). The P-value was calculated by Student’s t-test. Data are
shown as mean + SEM.
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Material and Methods

Statistics and reproducibility

Statistical analyses were performed using Microsoft Excel (version 16.83) or R
(version 4.3.2). P values were determined by Student’s t-tests, one-way ANOVA
with Tukey’s post hoc tests, log-rank tests, or Fisher’s exact tests as appropriate
and as listed in the figure legends. The statistical significances of differences
are specified throughout the figures and legends. For in-test-tube experiments,
each experiment was performed in duplicate, and only small variations between
individual results were observed in all of the experiments. For in-cell
experiments, each experiment was performed in n = 3-4, as indicated in the
figure legends.

Cell culture

THP-1 (JCRB0112, purchased from JCRB Cell Bank), MOLM-13 (JCRB1810,
purchased from JCRB Cell Bank), MV-4-11 (CRL-9591, purchased from ATCC),
Kasumi-1 (JCRB1003, purchased from JCRB Cell Bank) and K562 (gifted from
Kitagawa Lab) cells were grown in RPMI medium 1640 (Gibco, 11875) with 10%
fetal bovine serum (FBS; Gibco), 100 U/mL penicillin and 100 pg/mL streptomycin
(Gibco) at 37 °C in an atmosphere of 5% CO2. HeLa S3 (gifted from Gotoh Lab)
and HEK293T (qgifted from Hirota Lab) cells were grown in Dulbecco’s modified
Eagle medium (DMEM; Gibco, 12430) with 10% fetal bovine serum (FBS; Gibco),
1x GlutaMAX (Gibco) 100 U/mL penicillin and 100 pg/mL streptomycin (Gibco) at
37 °C in an atmosphere of 5% CO:.. If necessary, 2 yM SAHA (Sigma, SML0061)
was supplemented to the growth medium. Cryopreserved Peripheral Blood
Mononuclear Cells (PBMC) were purchased from HemaCare (PB0O09C-1) and
used for experiments soon after thawing.

Antibodies

Rabbit polyclonal antibodies against H3K9ac (Merck, 07-352), H3K18ac (abcam,
ab1191) and NELFE (proteintech, 10705-1-AP, for ChlIP-seq), a rabbit
monoclonal antibody against H2B ubiquitination (Cell signaling technology,
5546S), mouse monoclonal antibodies against H2BK120ac?°, NELFE (Santa
Cruz Biotechnology, sc-377052, for western blotting), unphosphorylated RNA Pol
1146 were used for western blotting and ChIP-seq.

Fluorescent microscopy for living cells using CPP44-tethered compounds
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To observe the subcellular distribution of fluorescein isothiocyanate (FITC)-
labeled compounds in living cells, cells were washed twice with PBS and treated
with the FITC-labeled compounds in serum-free growth medium for 60 min. at
4 °C or 37 °C. Then, the cells were washed twice with PBS, and then imaged by
fluorescent microscopy (DMi8; Leica). For mechanism study of catalyst
internalization, the cells were pre-treated with 80 uM dynasore for 60 min.

Cell viability assay

After catalyst-promoted histone acetylation, the cells were washed once with PBS,
resuspended in fresh growth medium and mixed with CellTiter-Glo® 2.0 Reagent
(Promega). After 10 min. incubation at r.t., the luminescent signal was measured
by GloMax® Discover Microplate Reader (Promega). The cell viability was
calculated by dividing the luminescent signal of the cells treated with compounds
by the luminescent signal of the cells treated with DMSO.

Catalyst-promoted acetylation of recombinant mononucleosomes

Recombinant nucleosomes were prepared as described previously*’.
Recombinant nucleosomes (0.37 uM for DNA/histone octamer concentration)
were mixed with catalyst, acetyl donor, TCEP (0 mM in Fig. 3 and 0.1 mM in
Extended Data Fig. 2-3) in 20 mM Tris-HCI (pH 7.5) and incubated for indicated
time at 37 °C.

Western blotting analysis

After catalyst-promoted histone acetylation, the cells were washed once with PBS
and lysed in pre-chilled CRB buffer (50 mM Tris-HCI (pH 7.5), 300 mM NaCl,
0.3% Triton X-100) supplemented with 2 mM MgCl2, 25 mU/uL Benzonase,
protease inhibitor cocktail (Sigma), and 1 mM PMSF on ice for 30 min. After
centrifugation (15,000 rpm for 5 min. at 4 °C), the supernatants were separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
followed by oriole (Bio-Rad) or CBB (45 g citric acid monohydrate (Sigma), 15 g
B -Cyclodextrin (Wako), 0.24 g CBB R-250 (Wako) in 3 L Milli-Q water) staining.
After equalizing the protein concentration, the proteins were analyzed by western
blotting.

Catalyst-promoted histone acetylation in living cells
Cells were washed twice with PBS and treated with catalyst and acetyl donor. For
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2-hour or 45-min. reaction, the cells were treated with catalyst and acetyl donor
in serum-free growth medium for 2 hours or 45 min. at 37 °C. For 4-hour reaction,
firstly the cells were treated with catalyst and acetyl donor in serum-free growth
medium for 2 hours at 37 °C. Then, the cells were incubated in serum-containing
growth medium for 1 hour at 37 °C, followed by double PBS wash and another 2-
hour reaction by adding new catalyst and acetyl donor.

LC-MS/MS analysis and quantification of the stoichiometry of acetylation

For recombinant nucleosomes, the acetylated nucleosomes and were
precipitated by trichloroacetic acid (16.6%). After DNA was digested by DNase |
(Takara) for 30 min. at 37 °C, the samples were mixed with acetone (74%). After
overnight incubation at —30 °C, the proteins were collected by centrifugation, air
dried and dissolved in Milli-Q water. For acid extracted histones from cells, the
histones were dissolved in Milli-Q water and incubated for 10 min. at 25 °C.

To the solution of histones, 50 mM aqueous ammonium bicarbonate (NH4HCOs3
aqg.) and 25% propionic anhydride solution (methanol/propionic anhydride, 3:1
(vol/vol)) were added, and pH was adjusted to 8 by adding ammonia solution.
After 30-min. incubation at 25 °C, the solvents were removed by Speed-Vac
evaporator. The samples were resuspended in 50 mM NH4HCO3 aq. with 0.1%
ProteaseMAX (Promega) and digested with 10 ng/uL Trypsin Gold (Promega),
10 ng/pL Glu-C (Promega) in 50 mM NH4HCO3 aq. with 0.02% ProteaseMAX at
37 °C for 3 hours or overnight. Then, 5% aqueous formic acid (vol/vol) was added,
and the solvents were removed by Speed-Vac evaporator to obtain dried digested
samples, which were dissolved in 0.1% aqueous formic acid (vol/vol). After
centrifugation (15,000 rpm, 5 min.), the supernatant was used for LC-MS/MS
analysis (Triple TOF 6600 (AB Sciex) equipped with M5 micro LC (AB Sciex)) as
previously reported?®. Data analysis was carried out using PeakView software
(AB Sciex), and the average values were obtained from duplicated
measurements. The stoichiometry of acetylated lysines was calculated as a
percentage of the total peak area of the extracted ion chromatogram for
acetylated peptides in the sum of those for acetylated peptides and propionylated
peptides.

RNA-seq
After catalyst-promoted histone acetylation, RNA was extracted from the cells
with NucleoSpin® RNA (Takara). TruSeq Stranded mRNA Sample Prep Kit
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(llumina) was used to prepare the library for RNA-seq. Deep sequencing was
performed on lllumina NovaSeq platform according to the manufacturer's protocol.

ChlP-seq
After catalyst-promoted histone acetylation, 1.0 x 107 cells were fixed with 1%

paraformaldehyde (freshly prepared from powder, filtered before use) in 1 mL
PBS for 10 min. at 25 °C, which was quenched by addition of 80 yL 1.25 M glycine
in PBS. Then the cells were washed twice with ice-cold PBS and suspended in
156 pL SDS lysis buffer (50 mM Tris-HCI (pH 8.0), 1% SDS, 10 mM EDTA,
protease inhibitor cocktail). After 10 min. incubation on ice, the cells were
sonicated with BioRaptor® Il (BM Equipment Co). The supernatants were diluted
10-fold with ChlIP dilution buffer (16.7 mM Tris-HCI (pH 8.0), 0.01% SDS, 1.1%
TritonX-100, 1.2 mM EDTA, 167 mM NaCl) and the DNA concentrations were
adjusted by measurement with Nanodrop® lite (Thermo). If needed, spike-in
chromatin (active motif) was added. Then, 1500 pL of extract was added to
Dynabeads® Protein G (40 L, Veritas), which was pre-incubated with antibodies
(4 pg for anti-H2BK120ac or NELFE antibodies and 10 ug for anti-RNA Pol |l
antibodies) for ChIP and 2 ug spike-in antibodies (active motif) for 20 hours at
4 °C with rotating. Then the mixture was incubated for 48 hours at 4 °C with
rotating. After incubation, the beads were washed with LS buffer (20 mM Tris-HCI
(pH 8.0), 150 mM NaCl, 0.1% SDS, 1% Triton X-100, 2 mM EDTA), HS buffer (20
mM Tris-HCI (pH 8.0), 500 mM NacCl, 0.1% SDS, 1% Triton X-100, 2 mM EDTA),
LiCl buffer (10 mM Tris-HCI (pH 8.0), 0.25 M LIiCl, 1% NP-40, 1% sodium
deoxycholate, 1 mM EDTA) and TE buffer (10 mM Tris-HCI (pH 8.0), 1 mM EDTA),
followed by extraction with elution buffer (100 mM NaHCQOS3, 1% SDS, 10 mM
DTT). The supernatant was incubated with 200 mM NaCl for 16 hours at 65 °C,
and treated with proteinase K for 1 hour at 45 °C. DNA was purified from the
supernatant of ChlP samples by PCR Clean-Up Mini Kit (Favorgen). ChIP
libraries were constructed using the KAPA Hyper Prep Kit (Kapa Biosystems, Inc.,
Wilmington, MA, USA) according to the manufacturer’s instructions, quantified
using Bioanalyzer (Aglient), and sequenced on the Illlumina NovaSeq according
to the manufacturer’s protocol.

RNA-seq and ChlP-seq analysis
Sequenced reads in ChlP-seq experiment were mapped to UCSC human
genome (hg19) using bowtie. Duplicated reads were removed with Picard tools.
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Peak count was performed by using HOMER software
(http://homer.salk.edu/homer/index.html). Metagene profiles were produced with
the use of deepTools (https://deeptools.readthedocs.io/en/develop/). Enrichment
and Gene Ontology (GO) analysis was performed by using Enrichr
(https://maayanlab.cloud/Enrichr/). For analysis for MLL-target genes, the gene
set named “Human Gene Set: KUMAR_TARGETS_ OF MLL_AF9_FUSION”
was used.

Flow cytometric analysis of cell cycle

After catalyst-promoted histone acetylation, the cells were washed once with PBS
and resuspended in pre-chilled 70% ethanol. After 3 hours of fixation at —30 °C,
the cells were washed once with PBS and mixed with Muse cell cycle reagent
(Luminex). After 30 min. incubation at 25 °C, the cells were analyzed by Muse
cell analyzer (Merck).

Flow cytometric analysis of apoptosis

After catalyst-promoted histone acetylation, the cells were washed once with PBS,
resuspended in fresh growth medium and mixed with Muse annexin V & dead
cell reagent (Luminex). After 20 min. incubation at 25 °C, the cells were analyzed
by Muse cell analyzer (Merck).

Cell proliferation analysis

After catalyst-promoted histone acetylation, the cells were washed once with PBS
and resuspended in fresh growth medium. Then, the cells were plated in 96-well
plates at a density of 2 x 10° cells/mL in a final volume of 200 yL. The number of
tripan-blue negative living cells were counted with TC20 automated cell counter
(Bio-Rad), and the cells were replated at equal cell numbers in fresh growth
medium every 2 days.

Mice experiments

Animal experiments were performed in accordance with the institutional
guidelines for the use of laboratory animals and approved by the Review Board
for Animal Experiments of the University of Tokyo (approval ID, PA18-42).
NOD.Cg-Prkdcscid 112rgtm1Sug/Shidic (NOG) were purchased from In-Vivo
Science Inc. The AkaBL| system, composed of AkaLumine-HCI and Akaluc,
provides a light source of sufficient strength to penetrate body walls, even in deep
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tissue areas . Akaluc was introduced into MOLM-13 cells using the CS-CDF-
UbC-mScarlet-P2A-Akaluc-PRE lentivirus to confirm tumor burden in mice*.
After catalyst-promoted histone acetylation, the cells were washed once with PBS
and resuspended in PBS. Then, the cells (3 x 108 cells) were injected to NOG
mice. To monitor the tumor burden, one hundred microliters of 5 mM AkaLumine-
HCI (Wako) was injected intraperitoneally into mice immediately before image
analysis, and mice under isoflurane anesthesia were imaged within 5-10 min
after injection. The signal intensity was measured using an IVIS (Perkin Elmer).

Acknowledgments

We thank all members of Kanai Laboratory, especially Mr. Ryan Newlon, for
their valuable discussion and reading of this manuscript. We also thank Dr. Ali
Shilatifard, Dr. Peng Chen, and Dr. Yuki Aoi for critically reading this manuscript.
pWM_12x601_45bpLinker plasmid was kindly gifted from Dr. Michael K. Rosen.
K562 cell line was kindly gifted from Dr. Daiju Kitagawa. HelLa S3 cell line was
kindly gifted from Dr. Yukiko Gotoh. HEK293T cell line was kindly gifted from Dr.
Toru Hirota. Anti-RNA Pol Il antibody was kindly gifted from Dr. Hiroshi Kimura.
We also thank Ms. Junko Kato, Dr. Fukuyo, and Mr. Rahmutulla for assistance
with experiments. This work was supported by Japan Society for the Promotion
of Science KAKENHI Grant Numbers JP23H05466 (MK), JP21H02074 (SAK),
JP23H05475 (HK), JP22K15033 (TK), JP23K17392 (TK), JP21K19326 (KY),
JP22H05018 (KY), JP23K19423 (YY), JP22K19553 (AK), Japan Science and
Technology Agency ERATO Grant Number JPMJER1901 (HK), Research
Support Project for Life Science and Drug Discovery (BINDS) from AMED
JP23ama121009 (HK), P-CREATE from AMED 21cm0106510h0006 (AK), IAAR
Research Support Program from Chiba University (AK), Takeda Science
Foundation (SAK), and The Mochida Memorial Foundation for Medical and
Pharmaceutical Research (SAK).

Author contributions

S.AK. and M.K. conceived and designed the project. Y.Y.,, S.T., and Y.A.
performed the experiments and synthesized all chemical compounds. K.Y.
supervised synthesis of compounds. A.O. and A.K performed RNA-seq and ChIP-
seq. Y.R.K. purified 12-mer nucleosome array and performed experiments. T.K.
and H.Ku. purified recombinant mononucleosomes. S.K. and A. I. performed
mouse experiments. Y.Y., S.AKK., and M.K. wrote the manuscript with

42

https://doi.org/10.26434/chemrxiv-2024-g1cq3-v2 ORCID: https://orcid.org/0000-0002-2946-6627 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-g1cq3-v2
https://orcid.org/0000-0002-2946-6627
https://creativecommons.org/licenses/by-nc-nd/4.0/

contributions from all other authors.

Competing interests
Authors declare that they have no competing interests.

Data and materials availability

Next-generation sequencing data generated during this study have been
deposited in Gene Expression Omnibus (GSE259436 and GSE259437). All other
data are available in the manuscript or the supplementary material.

Supplementary Information is available for this paper.

Correspondence and requests for materials should be addressed to Motomu
Kanai (kanai@mol.f.u-tokyo.ac.jp).

43

https://doi.org/10.26434/chemrxiv-2024-g1cq3-v2 ORCID: https://orcid.org/0000-0002-2946-6627 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-g1cq3-v2
https://orcid.org/0000-0002-2946-6627
https://creativecommons.org/licenses/by-nc-nd/4.0/

