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Post-translational modifications (PTMs) of histones are crucial for transcriptional control, defining positive and negative
chromatin territories. A switch of opposing functional significance between acetylation and methylation occurs on
many residues. Lysine 120 of H2B is modified by two PTMs: ubiquitination, which is required for further trans-tail H3
methylations and elongation, and acetylation, whose role is less clear. ChIP-Seq with MNase I-treated chromatin indicates
that H2BK120ac is present on nucleosomes immediately surrounding the TSS of transcribed or poised units, but not
in core promoters. In kinetic ChIP analysis of ER-stress inducible genes, H2BK120ac precedes activation and H2B-ub
deposition. Using in vitro acetylation assays, pharmacologic inhibition and RNAi, we established that KAT3 is responsible
for H2BK120ac. Interestingly, the global levels of H2B-ub decreased in KAT3-inactivated cells. However, RNF20 recruitment
was not impaired by KAT3-inactivation. Our data point at acetylation of Lysine 120 of H2B as an early mark of poised or
active state and establish a temporal sequence between acetylation and mono-ubiquitination of this H2B residue.

Introduction

The nucleosome is formed by 146 base pairs of DNA wrapped
around core histones. Histone post-translational modifications
(PTMs) are associated with accessible chromatin or with hetero-
chromatin, either constitutive or facultative.! Some of the PTMs
of histones have been characterized at a genome-wide level in
several species and it is clear that acetylations are hallmarks of
“active” areas of genomes.? Numerous Lysine Acetyl Transferases
(KATs) have been discovered as part of large complexes, includ-
ing KAT2A/B (also known as hGCN5/PCAF) and KAT?3 (also
known as p300/CBP).? Acetylations are unstable marks, subject
to removal by HDACs. The genome-wide analysis of KATs and
HDAC:s location showed that HDACs are enriched in tran-
scribed units.*

A histone PTM that has clearly been associated with gene
activity is mono-ubiquitination of Lysine 120 (K123 in yeast)
of H2B.>7 In human cells, the mono-ubiquitination mechanism
includes the function of hRADG6 and RNF20/40.% Indeed, the
modification of this residue is essential for recruitment of histone
methylating activities that act on K4 and K79 of histone H3.>°
However, K120 is also acetylated in bulk histones preparations.!!
It is intuitive to assume that these PTMs are mutually exclusive;
however, genome-wide analysis suggested that H2BK120ac is part
of a “signature” of 17 histone PTMs that mark core promoters of
active genes.'? The well established notion that core promoters
are nucleosome-free is at odds with the finding of most of these
PTMs in histones positioned in such areas, a fact that could be
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rationalized by the relative imprecision of sonicated chromatin-
based assays. In addition, using single nucleosome ChIP assays
on cell cycle gene promoters, we found H2B-ub in the body of
active genes, as expected, whereas acetylation of Lysine 120 was
abundant in inactive conditions."”” We wished to shed more light
on this histone PTM: we used MNase I chromatin' to perform
ChIP-Seq for H2BK120ac, analyzed an inducible gene system
and identified the KAT activity responsible for this modification.

Results

Genomic locations of H2BK120ac. The location of many
histone PTMs was mapped by ChIP on Chip and ChIP-Seq
experiments using sonicated chromatin. To map H2BK120ac,
we performed ChIP-Seq with MNase I-treated chromatin from
HCT116 cells, which allows the study of nucleosomes position-
ing.'* Reads mapping to single genomic locations were collected
and areas in which “peaks” were located analyzed. In parallel,
we run two types of controls: input DNA samples derived from
MNase I digestion and sonicated chromatin. A total of 18,543
enriched areas were identified out of 31,300 RefSeq genes.
Among these regions, areas near the TSS were cleatly preferred.
Figure 1A shows the log ratios of H2BK120ac over MNase I
input DNA upstream (-950 from TSS), around the TSS (+50,
+100 and +150) and downstream (+950). The “shoulder” of peaks
near the TSS is evident. MNase I input reads were plotted against
sonicated inputs, showing a bimodal distribution, irrespective
of position, with no specific enrichment (Fig. 1A, right part).
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Figure 1. ChIP-Seq analysis of H2BK120ac with MNase | chromatin. (A) Analysis of Log ratios of the peaks relative to the transcriptional start sites (TSS).
The different colors refer to the distance from the TSS. In the left part, H2BK120ac IP peaks were plotted against controls represented by MNAse |
chromatin inputs. In the right part, inputs derived from MNAse | and sonicated chromatin were plotted. (B) In the upper part, distribution of high rank
H2BK120ac around transcription units (TU) are shown. In the lower parts, Affymetrix expression analysis of high rank H2BK120ac are shown: A (absent)
calls refer to non-expressed genes, P (present) calls refer to expressed genes. On the left part, overall distribution of calls is shown; on the right part,
H2BK120ac loci are shown. (C) Peaks distribution of H2BK120ac, MNase | and sonicated input control DNAs relative to TSS in expressed (left part) and

Next, we extracted the highest scoring H2BK120 peaks in genes
and analyzed them for expression patterns, using Affymetrix
expression microarrays data (Fig. 1B): P (present) calls, a major-
ity in this type of analysis, are a sign of ongoing transcription, A
(absent) calls indicate inactive genes. The skew toward expressed
genes was statistically significant. We further analyzed the distri-
bution of H2BK120ac, plotting the peaks as a function of the dis-
tance from TSS and separating expressed from non-expressed units
(Fig. 1C). The distribution of expressed units showed an enrich-
ment between 200 and -400 (nucleosome -1), a deep dip in the
core promoter areas (200 to +1) and a high peak between +100
and +200 (nucleosome +1). The transcribed areas remained well
above the baseline, up to +1,000 (3 or 4 additional nucleosomes).
The distribution of control MNase I input DNA showed a very
modest dip in the core promoter and a small peak in the +200 to
+400 area, while sonicated input DNA was almost completely flat
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(Fig. 1C). In non-expressed units, there was a relatively modest
peak downstream the TSS (Fig. 1C, right part). Representative loci
enriched for H2BK120ac are shown in Supplemental Figure 1.
Finally, GO analysis of H2BK120ac genes identified several cat-
egories, all with relatively modest enrichments, indicating that the
PTM is not unique for a specific category of genes (Sup. Fig. 2). In
conclusion, H2BK120 marks nucleosomes immediately upstream
and downstream the TSS of expressed units.

To validate the results, we performed independent ChIPs with
sonicated chromatin from three cell lines (HCT116, PC3 and
U937) on areas at the 5' of 17 genes and, in parallel, analyzed
H2B-ub (Fig. 2). In HCT116, most promoters were indeed
highly positive for H2BK120ac, with exception of CENPB.
H2B-ub was generally low and a detectable enrichment was seen
only on EGRI, Jarid1B and TAF4. Similar results were obtained
in PC3 and in U937, with exception of PAK2, showing only
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Figure 2. H2BK120 acetylation and mono-ubiquitination in HCT116, PC3 and U937. Analysis of H2BK120 acetylation and mono-ubiquitination on TSS
regions of different loci resulting from ChlIP-Seq, using sonicated chromatin from HCT116, PC3 and U937 human cell lines. Values are reported as fold en-
richment calculated with the following formula: 24~ 24, where ACtx = Ct input - Ct sample and ACtb = Ct input - Ct control Ab (Thioredoxin). All values
are normalized for the amount of each immunoprecipitated unmodified histone. Error bars represent SD, calculated from four independent experiments.

H2B-ub. In conclusion, the HCT116 ChIP-Seq data were con-
firmed and extended to other cell lines and chromatin prepara-
tions; the coexistence of the two H2BK120 marks suggests a
dynamic behavior.

H2BK120 PTMs in the ER-stress inducible system. To
dissect the kinetic behavior of the two H2BK120 PTMs, we
turned to the ER-stress inducible genes we had previously dis-
sected in reference 15. After treating hepatic HepG2 cells with
the ER-stress inducer Thapsigargin, we performed ChIPs with
anti-H2BK120ac, anti-H2B-ub and anti-H2B at different time
points. Two promoters were analyzed, CHOP/DDIT3 and
Herpudl. The former has low basal levels of transcription, as
expected and is rapidly induced; the latter is intrinsically more
active and slower to be induced (Fig. 3A). We analyzed differ-
ent regions of the genes. The absence of H2B in the core pro-
moters is expected in poised/active genes (Fig. 3B) and indeed,
H2BK120 PTMs were not detected in this area. H2BK120ac
basal levels were low but clearly detectable downstream of
the TSS, while H2B-ub was negligible. After 1 h induction,
H2BK120ac increased substantially in transcribed areas, while
H2B-ub remained low. At 4 h, H2B-ub became visible and, at
8 h, H2B-ub further increased, while H2BK120ac substantially
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decreased. On Herpudl, H2BK120ac levels were present during
basal conditions and decreased upon activation, while H2B-ub
enrichment peaked at 8 h (Fig. 3B). As controls, we checked the
constitutively active DNA-binding protein SON and the silent
tissue-specific AIRE: the former had high levels of H2BK120-ub,
but no H2BK120ac; the latter was enriched for none of the two
marks (Fig. 3C). In conclusion, inducible ER-stress genes have
a basal level of H2BK120ac but no H2B-ub, which increases as
acetylation drops.

KAT3 (p300/CBP) is responsible for H2BK120ac. A key
question is which KAT is responsible for H2BK120 acetylation.
Previous work on KAT2 KO cells ruled out that these enzymes
are responsible for this PTM."> We then turned to KAT3A/B.
First, we tested whether H2BK120 is targeted by KAT3 in vitro.
Recombinant KAT3A catalytic domain was used with four pep-
tides that include the first part of the H2B aC helix. The pep-
tides included two Lysines (K116 and K120) that were either
intact (wt) or singularly or dually mutated to Arginine. The
KAT3 inhibitor anacardic acid was added to serve as a control for
the assay. The data are shown in Figure 4A: the wt peptide was
acetylated in vitro, as efficiently as the positive control H4 pep-
tide. Importantly, a K116R peptide was equally well acetylated,
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Figure 3. Kinetic deposition of H2BK120 ac and H2BK120-ub on ER-stress inducible promoters. (A) RT-PCR analysis of the ER-stress CHOP/DDIT3
(left part) and Herpud1 (right part) mRNAs induction in human HepG2 cells after Thapsigargin induction. (B) Kinetic ChIP analysis of H2BK120ac and
H2BK120-ub on seven regions of ChOP/DDIT3 (left parts) and six regions of Herpud1 (right parts). In the top parts, the levels of unmodified H2B are
shown. The H2BK120 PTMs shown in the lower parts were normalized to the levels of H2B. Analysis of promoter regions were not performed, as re-
sidual amount of H2B were scored. (C) Same as (B) on the ubiquitous SON and tissue-specific AIRE promoters. Error bars represent SD, calculated from
three independent experiments.
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Figure 4. KAT3 is responsible for H2BK120 acetylation. (A) In vitro fluorescent acetylation assay. The assay was performed according to the HAT assay
kit (Active Motif) with an H4 peptide (positive control), H4 peptide plus anacardic acid at 15 wM (HAT inhibitor) and H2B peptides reported in the
figure. On the Y axis, Arbitrary Fluorescence Units are plotted. The assay was performed in duplicate. Error bars represent SD, calculated from five inde-
pendent readings. (B) Western blot analysis of acids extracts of Curcumin-treated HCT116 cells, for the indicated histone PTMs. H2A was used as load-
ing control. (C) PC3 cells transfected with siRNA for KAT3B were controlled for inactivation by gRT-PCR at different time points (left upper part) and by
western blot (left lower parts). Vinculin was used as loading control. In the central parts, KAT2A/KAT3B-inactivated PC3 cells (48 h post-transfection)
were analyzed for the global levels of different histone PTMs by western blot. H2B and H3 were used as controls. In the right parts, extracts of KAT3B-
inactivated PC3 cells (48 h post-transfection) were analyzed for the global levels of RAD6 and RNF20. Vinculin was used as control.

whereas a K120R mutated peptide showed background levels of
acetylation, indicatinga clear preference of KAT3A for H2BK120.
We then wished to confirm these data in vivo. Curcumin is a nat-
ural inhibitor of KAT3 enzymatic activities in vitro and in vivo.'®
We treated HCT116 cells with pharmacological concentrations
of Curcumin and monitored the global levels of histone PTMs
by western blot analysis. Figure 4B shows that H4 N-terminal
acetylations, known to be imposed by KAT3, were globally
reduced, whereas H3K9-14ac was not affected. H2BK120ac was
also substantially reduced. To confirm this observation, we inac-
tivated KAT3 in human cells. We first searched for a cell line
that would mostly have either KAT3A or KAT3B, and found
that prostate carcinoma PC3 cells have predominantly the latter
(Sup. Fig. 3). We then functionally inactivated KAT3B (and
KAT2A/GCNS5 as a control) by siRNA and monitored its levels by
qRT-PCR, finding a maximal decrease at 48 h post-transfection
(Fig. 4C, left upper part). Inhibition was confirmed by western
blot analysis (Fig. 4C, left lower parts). We then checked a num-
ber of histone PTMs by western blot (Fig. 4C and central parts).
Compared to cells transfected with scrambled RNAs or KAT2B
siRNAs, KAT3B-inactivated cells showed the expected decrease
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in H3K56ac,"” but not in H3K9ac or H2BK16ac. H2BK120ac
was significantly decreased, as well as H2B mono-ubiquitination.
Note that the lack of H3K9ac decrease upon KAT2A inhibition
was also observed in KO experiments using chicken cells.'® The
global levels of H2B and H3 were not altered. The decrease in
H2B-ub could be due to a decrease in the monoubiquitinating
enzymes hRADG and RNF20; however, western blots using the
respective antibodies indicated that their levels were not substan-
tially changed in KAT3B-inactivated cells (Fig. 4C, right parts).

To extend these data, we analyzed the loci derived from
our ChIP-Seq analysis (see Fig. 2) for effects of KAT3A inac-
tivation on the presence of H2BK120 PTMs and RNEF20.
Figure 5 shows that the recruitment of KAT3B is vastly decreased
upon RNAI and that this correlates with a comparable decrease
in H2BK120ac. The levels of H2BK120-ub, which on average
were lower, did not change substantially, with the exceptions of
CDKNI1B, in which they increased, and SMAD3, in which they
decreased. Interestingly, the recruitment of RNF20 was robust
and moderately affected by KAT3B-inactivation. SMAD3 again
showed a more pronounced decrease in RNF20 recruitment, in
line with the decrease in acetylation. The high overall levels of
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Figure 5. ChIP analysis in KAT3B-inactivated PC3 cells. Analysis of the distribution of
KAT3B, H2BK120ac, H2B-ub and RNF20 on TSS regions of the indicated genes in PC3 cells
treated with KAT3B and control siRNAs for 48 h, as in Figure 4. ChIPs were performed
with the indicated antibodies and analyzed by qPCR with the appropriate primers. Dark
grey bars represent data from control cells, the light grey represent data from KAT3B-
inactivated. Error bars represent SD, calculated from two independent experiments.

H2B were not significantly affected. Altogether, we conclude that
KAT3A/B are responsible for H2BK120 acetylation and, surpris-
ingly, that their inactivation has a negative influence on the levels
of H2B mono-ubiquitination, without affecting the H2B mono-
ubiquitination apparatus.
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Discussion

The first relevant result regards the switch between
acetylation and mono-ubiquitination at K120.
Dual histone PTMs have been described on many
residues, notably on H3 at Lysines 4, 9, 27, 36, 79.
The presence of a switch is an indication of oppos-
ing functional roles: H3K9ac and H3K27ac are
120 while trimethylation
marks negatively regulated territories. On the other
hand, trimethylation of H3K36, and not acetyla-
tion, is found in genes with an elongating RNA
Polymerase I1.! Similarly, H3K79 methylation is an
active mark,? whereas acetylation is associated to

associated with activity,

non-transcribing units."

The acetylation/ubiquitination switch is not
new, as a plethora of proteins, including tran-
scription factors, are modified by acetylation or
sumoylation, as a way to preserve them from poly-
ubiquitination-mediated degradation, prolonging
their half-life.” Mono-ubiquitination appears to
be a signal with a more immediate regulatory fla-
vor and, in the case of H2B, it is present upstream
from histone methylations, being one of the first
events that lead to gene-activation.’ Our previ-
ous data suggested that acetylation of H2BK120
might be associated with repression, since it was
found on G /S gene promoters in G,/M-arrested
cells and on G,/M genes in G /S-enriched cells. A
second hypothesis posited that H2BK120ac was
a mark of “pre-active” or poised chromatin. Our
data support this, as we found H2BK120ac on
active genes, in line with the notorious co-activa-
tion functions of KAT3, including in the ER-stress
system.” Interestingly, H2BK120ac appears to pre-
cede H2B-ub in RNA Polymerase II elongation
and inactivation of KAT3 causes a reduction in
the global levels of H2B-ub, suggesting that it is
a prerequisite for mono-ubiquitination. However,
as many PTMs are affected by KAT3 inactivation,
we cannot conclude that it is specifically the lack
of H2BK120ac which is causative of this phenom-
enon. Finally, the dual regulation of H2BK120
should also lead to consider H2AK119-ub, which
is associated with Polycomb-mediated transcrip-
tional repression.®*® Indeed, this residue is also
acetylated in bulk preparations of histones and a
similar switch might be anticipated.

The surprising finding that some of the “repres-
sive” HDACs are bound to expressed genes in
T cells® were confirmatory of previous experiments

in yeast showing that they are important to limit histone acetyla-
tion in gene promoters, to prevent “spurious” transcription initiat-
ing within genes.”* Our data offers a further explanation: HDACs
are expected to be involved in the removal of H2BK120ac,
among other acetylations, to proceed with mono-ubiquitination.
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In the same framework, we hypothesize that upon removal of the
ubiquitin moiety, in nucleosomes neighboring the TSS, acetyla-
tion keeps the H2B residue “hot”, ready for subsequent rounds of
induction/elongation.

The in vitro acetylation data and the decrease of H2BK120ac
in vivo upon KAT3 inactivation by pharmacologic inhibition
and RNAI intervention clearly indicate that KAT3A/B are the
major acetylators. Originally identified as transcriptional co-
activators, KAT3A/B were shown to acetylate histones, as well
many, perhaps most, transcription factors.” In recent studies,
H3K27 and H3K56 were added to the list of KAT3 targets.””?
The latter residue is within the HFD al helix, contacting the
phosphate backbone of the nucleosome,? where acetylation is
predicted to disrupt DNA contacts. H2BK120 is in the aC of
the HFD, indicating that KAT3 can reach different “inner” areas
of the nucleosome. Furthermore, the preference for H2BK120
over the neighboring H2BK116, also acetylated in bulk histones,
indicates specificity within this structure.

Finally, we report that the recruitment of E3 RNF20 on a
number of promoters is not affected by KAT3 inactivation and
consequent decrease in H2BK120ac, indicating that the latter is
not used to recruit E3. Interestingly, mono-ubiquitination is not
substantially stimulated in the presence of free H2BK120 and
RNF20. A trivial explanation would be that the lack of hRRADG,
which we could not control for lack of ChIP-grade antibodies, is
responsible for this obsetvation; nevertheless, we suspect that this
phenomenon might be due to more complex mechanisms, such
as a lack of another PTM on histones or on components of the
mono-ubiquitination machinery or problems in the recruitment
of important cofactors, such as the recently described WAC in
reference 27.

The use of heterogeneous cellular populations and the relative
lack of precision of ChIPs with sonicated chromatin can poten-
tially blur the interpretation of results on dually regulated marks,
speaking in favor of the use of MNase I-treated chromatin (as we
used in this work) and of native, non cross-linked chromatin, still
to be reported in genome-wide analysis. This should improve our
understanding of this enormously complex matter.

Materials and Methods

Cell cultures, chemicals and transfections. HCT116, HepG2,
PC3 cell lines were cultured in DMEM medium supplemented
with 10% Fetal Calf Serum (FCS), 1% antibiotics (penicillin
and streptomycin) and L-glutamine in 5% CO,; Thapsigargin
was used 300 nM, Curcumin at 10 wM. RNA was extracted at 0,
1, 4 and 8 h using Trizol (Invitrogen). KAT3B knock-down was
carried out using Lipofectamine 2000 (Invitrogen) and siRNA.
Acid extracts preparation and western blot analysis. Acid
extracts were prepared collecting cells in 5-10 volumes of Lysis
Buffer H (10 mM Hepes pH 7.9, 150 mM MgClz, 10 mM
KCL, 0.5 mM DTT, 1.5 mM PMSF); perchloric acid was added
to a final concentration of 0.2 M and cells were kept on ice for
30 min. Extracts were centrifuged 10 min at 11,000 rpm and
the supernatants stocked at -80°C. Total extracts were pre-

pared collecting cells in RIPA buffer (50 mM TrisHCI pH 7.4,
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150 mM NaCl, 1 mM EDTA, 1% TRITON X-100, 0.5 mM
DTT, 1.5 mM PMSF) and centrifuging 20 min at 14,000 rpm.
The supernatants were stocked at -80°C. 15 and 10 g respectively
of total and acid extracts were used in a SDS-PAGE. Proteins were
transferred to nitrocellulose and analyzed by western blotting with
unmodified H3 (Abcam 1791); unmodified H2B (Abcam 1790);
unmodified H2A (Abcam 1764); H3K9,14ac (Upstate); H3K9ac
(Active Motif 39137); H2BK16ac (Active Motif 39121); H3K56ac
(Upstate 07-677); H4K5,8,12,16ac (Upstate 06-598); H2BK120ac
(Active Motif 39119); H2B-ub (Medimabs MM0029); KAT3B/
p300 (Santa Cruz sc-585 C20); RADG (Abcam 31917); RNF20
(Abcam 32629); Vinculin (Sigma V9131).

In vitro acetylation assay. In vitro acetylation assay was per-
formed following instructions provided by Fluorescent HAT
Assay Kit (Active Motif, 56100). The purified recombinant p300
catalytic domain was incubated with acetyl-CoA and specific
synthetic substrate peptides. The developer solution used reacts
with the free sulfhydryl groups on the CoA-SH producing flu-
orescence, which is read by a fluorometer. Peptides containing
the sequence of interest of H2B histone, along with positive and
negative controls, were designed and purchased from GenScript.
Sequences are reported in Figure 4. For fluorescence reading, a
BF1000 Fluorocount was used.

ChIP, ChIP-Seq and data analysis. Single nucleosome ChIP
assays were performed-as previously described in reference 13,
with 3 g of the following antibodies: Thioredoxin (Genespin);
unmodified H2B (Abcam 1790); H2BK120ac (Active Motif
39119), H2B-ub (Medimabs MM 0029), KAT3A/CBP (sc-
369X); KAT3B/p300 (Santa Cruz sc-585 C20); RNF20 (Abcam
32629). The ChIP-PCR primers used for these experiments
are reported in reference 12, and in Supplemental Figure 5.
Quantitative PCR was performed using SYBR green 1Q reagent
(Biorad) in the iCycler IQ detection system (Biorad). The relative
sample enrichment was calculated with the following formula:
286w 28¢t “where ACt x = Ct input-Ct sample and ACtb = Ct
input - Ct control Ab.

Preparation of the samples was based on reference 28, using
2 x 107 cells. After ChIPs, 50 ng of the precipitated DNA were
processed with a ChIP-seq single-end sample preparation kit
(Illumina), except that the PCR step was performed before
gel extraction; the final eluates were sequenced on an Illumina
Genome Analyzer II. Sequence reads were mapped against the
repeat masked human genome sequence (GRCh37), retrieved
from the UCSC genome browser database. Mapping was per-
formed using the Seqmap tool® (version 1.0.8), allowing up
to two substitutions in read matching against the genome. We
mapped 1.7 x 107 reads for K120ac IPs, 2.1 x 107 for MNase I
and sonicated inputs. Reads distributions near the transcription
start site of genes were computed by considering each sequence
read as the starting point of a sequence region of 146 bp (nucleo-
some size). The starting position of each of the reads mapped on
the genome was thus shifted by 73 bps downstream (in case of
reads mapping on the positive strand) or, vice versa, upstream for
reads mapping on the negative strand. The resulting position for
each read was used to plot the read distribution. IP versus control
enrichment was computed by considering the overall number of
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reads uniquely mapping in a given region (selected with respect

to the TSS) in both experiments and computing the log-2 of their
ratio (using a pseudo-count of one read per region).
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