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Abstract

The acetyltransferase KAT5/Tip60 is an epigenetic regulator of transcription and the DNA damage response. In Drosophila, Tip60 acetylates hi-
stones as part of the DOM-A complex, but it is unclear whether it has other substrates. In this work, we comprehensively studied the functions
of Tip60 in a Drosophila proliferative cell model. Depletion of Tip60 slows cell-cycle progression, but remaining viable cells resist mutagenic
irradiation. The impaired proliferation is explained by reduced expression of critical cell-cycle genes. Tip60 binds their transcription start sites and
Tip60-dependent acetylation of the histone variant H2A.V correlates with transcription activity. A potentially synergistic pathway for cell-cycle
regulation involves the acetylation of proteins other than histones. The Tip60-dependent nuclear acetylome contains hundreds of proteins, many
of which are involved in diverse aspects of cell growth and division, including replication, mitosis, gene expression, chromatin organization, and
ribosome biogenesis. We hypothesize that Tip60 coordinates the proliferative state through histone and non-histone effectors. Reversible acety-
lation of diverse effector proteins bears potential for fine-tuning energy-intensive processes in response to stresses or nutritional shortcomings.
Our study portrays the DOM-A/TIP60 complex as a general promoter of cell proliferation.
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Introduction The lysine acetyltransferase KATS5/Tip60 (Lysine Acetyl-
The acetylation of lysines in the N-terminal ‘tail’ domain of hi-  transferase 5/Tat-interacting protein of 60 kDa, [5]) is a pow-
stones is an important principle of chromatin regulation [1].  erful epigenetic regulator, best known for its ability to acety-
Lysine acetylation may disrupt the folding of the nucleoso-  late histones H4 and H2A. The importance of Tip60 is illus-
mal fiber or serve as binding site for bromodomain-containing  trated by the fact that its structure and essential functions in
epigenetic ‘reader’ proteins, which recruit additional coregu-  regulating transcription and the DNA damage response have

lators [2-4].
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been conserved during eukaryote evolution, albeit modified in
interesting ways [6].

The orthologous acetyltransferase in Saccharomyces cere-
visiae, Esal, is the enzymatic subunit of the NuA4 complex
[6-9]. NuA4 activates transcription at least in part by stim-
ulating the incorporation of the histone variant H2A.Z just
downstream of transcription start sites (TSSs), a hallmark of
active for promoters [10]. The acetylation of H4 and H2A by
NuA4 stimulates the SWR1 remodeling complex (SWR-c) to
exchange H2A for the H2A.Z variant [11, 12].

This functional interaction between NuA4 and SWR-c is
structurally enforced in mammals, where the two paralogous
complexes apparently fused to form a new entity, the p400
complex, combining KAT and nucleosome remodeling activ-
ities [13, 14]. This evolutionary merger presumably involved
the fusion of the gene encoding the NuA4 scaffold subunit
Eafl with a SWR1 paralog gene encoding a remodeling AT-
Pase.

In Drosophila, most Tip60 resides in the Domino-A
complex [15], a p400-like assembly that is scaffolded by
the SWR1-related nucleosome remodeler, Dom-A. Tip60 is
known to acetylate histone H4 at lysine 12 (H4K12ac) and
lysines in the terminus of H2A.V (the H2A.Z variant in flies).
Delivering Tip60 activity to promoters appears to be one ma-
jor activity of the DOM-A complex, since so far, a histone
exchange activity of DOM-A has not been detected [15].

In contrast to mammals, where the SWR1-type nucleosome
remodeling enzymes p400 and SRCAP are encoded by dif-
ferent genes, the corresponding Drosophila proteins, Dom-A
and Dom-B, arise as differential splice forms encoded by the
domino gene [14, 16].

Effects of Tip60 on cell cycle and the DNA damage response
are likely to be mediated through gene regulation by his-
tone acetylation at promoter-proximal nucleosomes [17]. The
mammalian TIP60 is a coactivator of transcription that coop-
erates with a range of prominent transcription factors to reg-
ulate cell-cycle genes [18-21]. Others concluded that TIP60
functions more as a global transcription activator found at
most active gene promoters [22].

Here, we explore the role of Tip60 and its acetylation reac-
tions in a well-established Drosophila proliferative cell model.
Depletion of Tip60 or Dom-A leads to impaired cell-cycle pro-
gression, which can be explained by reduced transcription of
genes involved in proliferation control. The activity of these
genes correlates with binding of Tip60 to their promoters
and acetylation of H2A.V in promoter-proximal nucleosomes.
The acetylation of H4K12 is detected at putative enhancer el-
ements.

While the activating roles of histones are well established,
much less is known about the acetylation of non-histone sub-
strates [23]. We, therefore, explored the steady-state changes
of the nuclear acetylome upon depleting Tip60 and identified
hundreds of Tip60-dependent acetylation targets. The nature
of these targets, combined with the gene expression analysis
leads us to hypothesize a coordinating function of Tip60 in
promoting cell growth, cell-cycle progression and prolifera-
tion decisions.

Materials and methods

Cell lines and culture conditions

Drosophila embryonic Kc167 cells were obtained from
Drosophila Genomic Resource Center. Cells were cultured

at 26°C in Schneider’s Drosophila Medium (Thermo-Fischer,
Cat. No. 21720024) supplemented with 10% FBS (Capri-
corn, Cat. No. FBS-12A) and 1% Penicillin-Streptomycin so-
lution (PenStrep; Sigma—Aldrich, Cat. No. P-4333).

RNA interference

Double-stranded RNA (dsRNA) targeting the desired se-
quences was generated by in vitro transcription using the
HiScribe T7 High Yield RNA Synthesis Kit (NEB, Cat. No.
E2040S). Primer sequences can be found in Supplementary
Table 1.

For CUT&RUN, the cells underwent two consecutive
rounds of RNAI. In brief, 6 ug of dsSRNA was added to 10°
Kc167 cells in 0.5 ml of serum-free medium. Following a 1-h
incubation at 26°C, an equal volume of medium containing
20% fetal bovine serum (FBS) and 2% PenStrep was added,
resulting in final concentrations of 10% FBS and 1% Pen-
Strep. Cells were incubated in 12-well plates at 26°C for 3
days. On day 4, cells were split, counted and 0.8 x 10° RNAi-
treated cells of each condition was used for the second round
of RNAI.

For the Proteome/Acetylome experiment, 180 ug of dSRNA
was added to 3 x 107 Kc167 cells in 15 ml of serum-free
medium. Following a 1-hour incubation at 26°C, an equal vol-
ume of medium containing 20% FBS and 2% PenStrep was
added, plus 20 ml of normal media to reach 50 ml of total
volume, resulting in final concentrations of 10% FBS and 1%
PenStrep. Cells were incubated in 175 cm? cell culture flasks
at 26°C for 6 days. In total, two 175 cm? cell culture flasks
were used per condition.

Cell viability assay

Following three days of RNAI treatment, cells were counted,
and 10° cells were re-treated with dsRNA as previously de-
scribed. The cells were then diluted 1:3 in fresh medium, and
50 ul (approximately 1.5 x 10* cells) were seeded into white
96-well microplates with clear bottoms (BERTHOLD Tech-
nologies, Cat. No. 24 910). On the following day (day 4), cells
were exposed to varying doses of X-irradiation or UV-C irra-
diation and incubated at 26°C for an additional three days.
Cell viability was assessed using the CellTiter-Glo Lumines-
cent Cell Viability Assay (Promega, Cat. No. G7571), with
luminescence signals measured on a Tecan Infinite M1000 mi-
croplate reader.

Flow cytometry

RNA:I interference

RNAi on Drosophila cells was performed using 6 ug of
dsRNA, otherwise as described above. After three days of in-
cubation, the cells were harvested and pelleted at 2000 rpm
for 5 min. The number of cells in each sample was measured,
and 10° cells were re-suspended in 1 ml of serum-free Schnei-
der’s Drosophila Medium supplemented with 1% PenStrep.
The cells were re-seeded into 6-well plates and a second round
of RNAi was performed using 10 ug of dsRNA identical to
that used in the first round. The cells were then incubated for 1
h and supplemented with 2 ml of complete medium. Following
a further four days of incubation, the samples were prepared.
Depending on the type of knockdown, cell confluency at the
time of collection usually ranged between 60% and 85%.
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Sample preparation

The cells were harvested and pelleted at 2000 rpm for 5 min.,
after which the pellet was washed twice with 1 ml of ice-cold
PBS. After determining the cell count, 1.7 x 10° cells from
each sample were resuspended in 500 ul of ice-cold PBS in a
15 ml reaction tube. In non-sterile conditions, the cells were
fixed by the dropwise addition of 4.5 ml of ice-cold 70%
ethanol (Sigma-Aldrich, Cat. No. 32205-M), while continu-
ously vortexing at a low speed. Samples were stored at —20°C
for at least overnight and up to two weeks until analysis.

Unless stated otherwise, all subsequent steps were per-
formed at 4°C with ice-cold reagents. All centrifugation and
washing steps were performed at 2000 rpm.

The ethanol-fixed cells were pelleted for 15 min (min). Af-
ter carefully decanting the supernatant, the cells were resus-
pended in PBS and left to rehydrate for 5 min. The cells were
then washed twice with PBS for § minutes before being resus-
pended and permeabilized for 15 min in 1 ml of PBS contain-
ing 0.25% Triton X-100 (Sigma-Aldrich, Cat. No. T8787).
The cells were pelleted, resuspended in 1 ml of PBS and dis-
tributed into 1.5 ml reaction vials. The cells were pelleted once
and resuspended in 500 ul of 3% BSA in PBS at room temper-
ature (RT). With the exception of the unstained and secondary
antibody controls, the H3S10ph antibody (Active Motif, Cat.
No. 39 636, monoclonal antibody, mouse, clone MABI 0312)
was added to the samples at a dilution of 1:500 and the sam-
ples were incubated on an overhead rotator for 2 h at RT.
The cells were then pelleted, washed once with PBS and resus-
pended in 500 ul of PBS/3% BSA. Except for the unstained
and primary antibody controls, secondary anti-mouse anti-
body Alexa 555 was added to the samples at a dilution of
1:1000 and the samples were incubated on an overhead rota-
tor for 1 h at RT. From this point onwards, the samples were
protected from light at all times.

Once more, the cells were pelleted, washed once with PBS
and resuspended in 100 ul of PBS at RT. The DNA was
then counterstained by adding 10 ul of 0.1 mg/ml DAPI
(4,6-diamidino-2-phenylindole, Sigma-Aldrich, Cat. No. No.
10236276 001) directly to the cell suspension, except for the
unstained and both antibody controls. After an incubation pe-
riod of 10-15 min at RT, the samples were diluted by adding
100 wul of PBS and stored at 4°C until analysis. The sam-
ples were transferred into 5 ml Corning Falcon round-bottom
tubes (Cat. No. 1172671, Omnilab-Laborzentrum GmbH)
and the cell-cycle profiles were measured using a low flow rate
on a BD LSRFortessa Cell Analyzer (BD Biosciences). The 355
nm UV laser was used for DAPI (DNA content) and the 561
nm laser was used to visualize Alexa 555 bound to H3S10ph
(mitotic index).

The results were analyzed using the FlowJoTM software
(v10.8.1, BD Life Sciences).

X-ray irradiation

The cells were irradiated with the indicated dose of grays in
cell culture plates without lids, using a 130 kV, 5 mA Faxitron
CellRad X-ray source.

Cell fractionation

Cell fractionation was performed as previously described [25]
with the following adjustments.

4 x 10° of Kc167 cells were washed with PBS and resus-
pended in 200 ul of Buffer-A (10 mM HEPES pH 7.9 (KOH),
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10 mM KCI, 1.5 mM MgCl,, 0.34 M sucrose, 10% glyc-
erol, 1 mM DTT, 1x cOmplete EDTA-free Protease inhibitor
(Roche, Cat. No. 5056489 001), 1x PhosStop (Roche, Cat.
No. 04906 845 001), 0.5 mM Na-butyrate) with the addition
of 0.1% Triton-X-100, and incubated at 4°C for 10 min. From
here on all procedures at 4°C. Nuclei were pelleted at 1500 g
for 4 min (pellet: P1). The supernatant (S1) was centrifuged
at 13000 g for 10 min to remove cell debris and insoluble ag-
gregates (S2). The nuclear pellet P1 was washed with Buffer-A
and resuspended nuclei in 200 ul of Buffer-B (3 mM EDTA,
0.2 mM EGTA, 1 mM DTT, Protease inhibitor, 1x PhosStop,
0.5 mM Na-butyrate) for lysis and incubated for 10 min. Sam-
ples were centrifuged at 2000 g for 4 min to separate soluble
nuclear proteins (S3) from chromatin (P3). P3 was washed
with Buffer-B and spun down at 13000g for 1 min. The chro-
matin pellet (P3) was resuspended in an equal volume equiv-
alent to S3 in laemmli sample buffer (LSB; 50 Tris pH 6.8,
10% glycerol, 2% SDS, 0.01% bromophenol, 0.1M DTT) and
boiled for 10 min.

Antibodies

A polyclonal antibody against Tip60 was generated by
expressing the full-length Tip60 protein as a N-terminal
glutathione-S-transferase (GST) fusion in Escherichia coli.
The recombinant protein was purified using glutathione
sepharose resin (GE Healthcare, Cat. No. 17075 605) and
subsequently eluted with glutathione. Antibody production
in guinea pigs was outsourced to Eurogentec (https:/secure.
eurogentec.com/eu-home.html). The Tip60 antibody was val-
idated through RNA interference (RNAi) experiments fol-
lowed by western blot analysis.

Proteome and acetylome
Extraction of nuclear proteins

Cells of 2 big flasks 175 cm? were collected in one Corning
bottle and pelleted at 1000 g for 15 min. Cells were resus-
pended in 10 ml of PBS and pelleted in 15 ml falcons at 1000
g for 5 min. This was followed by resuspension of pellet in
10 ml NBT-10 buffer (10% sucrose, 0.15% Triton, 0.5 mM
EGTA pH 8, 60 mM KCl, 15 mM NacCl, 15 mM HEPES pH
7.5, 1 mM PMSE 1 mM DTT, 1X cOmplete EDTA-free Pro-
tease Inhibitor-Roche, 1 mM Na-butyrate) and rotated on a
wheel for 10 min at 4°C. The content of each tube was added
on top of 20 ml cushion NB-1.2 buffer (1.2 M sucrose, 0.5
mM EGTA pH 8, 60 mM KCl, 15 mM NaCl, 15 mM HEPES
pH 7.5, 1 mM PMSE 1 mM DTT, 1X ¢cOmplete EDTA-free
Protease Inhibitor-Roche, 1 mM Na-butyrate) and the nuclei
was pelleted by centrifuging at 4000 rpm for 20 min. The nu-
clear pellet was resuspended in 1 ml of NBT-10 buffer and
put in 15 ml falcon followed by another centrifugation at
4000 rpm for 10. This was followed by a brief wash with
cold PBS and another centrifugation at 4000 rpm for 5. Nuclei
pellets were resuspended in 2 ml Urea Lysis Buffer (ULB: 20
mM HEPES pH 8.0, 9 M urea, 1 mM sodium orthovanadate,
2.5 mM sodium pyrophosphate, 1 mM B-glycerophosphate,
1 mM Na-butyrate, 60 uM Sirtinol), incubated on ice for 10
min and snap-frozen in liquid-N2

Acetylome sample preparation

Sample preparation for acetylome was performed with
PTMScan® Acetyl-Lysine Motif [Ac-K] kit (Cell Signaling,
13 416) and manufacturer’s protocol was followed. To the ob-
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tained nuclear extract, 9 ml of ULB was added and sonicated
in ice with a tip sonifier (Branson, Model-250D) at 40% am-
plitude with 15 s ON and 50 s OFF for 3-5 times. To the
sonified lysate, 1/278™ volume of 1.25 M DTT was added
and incubated at RT for 60 min, followed by 15-min incu-
bation in dark with 1/10™ volume of iodoacetamide (Merck,
8.04744.0025). The supernatant was then diluted with 20
mM HEPES pH 8.0 and incubated (with mixing) with 1 mg/ml
trypsin (Sigma—Aldrich, 175641-5G) at RT for overnight.
Trypsin was added at 1:100 ratio with total initial protein
amount. Following overnight incubation, the digestion was
confirmed with SDS-PAGE and 1/20 volume of 20% TFA was
added to the digested peptide solution and incubated for 15
min on ice. The lysate was then centrifuged at 1780 g for 15
min at RT to remove any precipitate.

For peptide purification, Sep-Pak® Light C18 cartridges fil-
ter column (Waters, WAT023501) was connected to a 10cc sy-
ringe and the column was pre-wetted with 5 ml 100% ACN,
followed by sequential washes with 1, 3, and 6 ml of 0.1%
TFA. Acidified digest was then loaded on to the column (with-
out vacuum), followed by further washes of 1, 5, and 6 ml with
0.1% TFA and then with 2 ml of wash buffer (0.1% TFA and
5% ACN). Elution of the peptide was carried out by washing
the column with 0.1% TFA and 40% ACN. Eluted peptide
was then frozen overnight at —80°C and lyophilized for at
least 48 hours.

Lyophilized peptide was centrifuged at 2000 g for 5 min
at RT and resuspended with 1.4 ml of the IAP buffer (pro-
vided by the manufacturer) and centrifuged again at 10 000
g at 4°C for 5 min. Around 10% of the cleared solution was
taken as input for proteome. Lysine antibody beads (provided
by the manufacturer) were washed with 1 ml of PBS, cen-
trifuged at 2000 g, resuspended with 40 ul of PBS. To the
cleared solution, half the recommended volume of antibody-
bead slurry was used and incubated in a rotator for 2 h at 4°C.
Incubated samples were then centrifuged at 2000 g for 30 s,
supernatant transferred to a new vial for further use. Beads
were then washed twice with 1 ml of IAP buffer, mixed by
inverting, centrifuged at 2000 g for 30 s, followed by similar
washes, thrice with 1 ml chilled HPLC water. Peptides bound
to the beads were eluted with twice by adding 55 ul of 0.15%
TFA, vortexing, incubating for 10 min at RT and centrifuging
for 30 s at 2000 g.

Desalting of the eluted peptide was performed with
AttractSPE® Disks Tips C18 column (affinisep, Tips-
C18.7T2.200.96). The column was first equilibrated with
50 ul 0.1% TFA twice. Input proteome and IP sample was
then added to the C18, followed by washes with 0.1% TFA
twice. Peptides were eluted with 10 pul of 0.1% TFA and 40%
ACN, dried with vacuum concentrator and resuspended with
15 pl of 0.1% TFA for mass spectrometry analysis.

Mass spectrometry

Samples were evaporated to dryness, resuspended in 15 ul of
0.1% formic acid solution and injected in an Ultimate 3000
RSLCnano system (Thermo) separated in a 25-cm Aurora col-
umn (Ionopticks) with a 100-min gradient from 6% to 43% of
80% acetonitrile in 0.1% formic acid. The effluent from the
HPLC was directly electrosprayed into a Orbitrap Exactive
480 (Thermo) operated in data dependent mode to automat-
ically switch between full scan MS and MS/MS acquisition.
Survey full scan MS spectra (from m/z 350-1200) were ac-
quired with resolution R = 60 000 at m/z 400 (AGC target of

3 x 10°). The 20 most intense peptide ions with charge states
between 2 and 6 were sequentially isolated to a target value
of 1 x 10°, and fragmented at 30% normalized collision en-
ergy. Typical mass spectrometric conditions were: spray volt-
age, 1.5 kV; no sheath and auxiliary gas flow; heated capillary
temperature, 275°C; intensity selection threshold, 3 x 10°.

Chromatin immunoprecipitation after MNase
digestion (MNase ChlP-seq)

Around 70 million S2 cells were fixed with 2.2 ml 10x Fixing
Solution (0.1 M NaCl, 50 mM Hepes pH 7.6, 1 mM EDTA,
0.5 mM EGTA, 10% methanol-free formaldehyde) for 8 min
at RT. Fixation was quenched with 125 mM glycine for 10
min on ice, cells were pelleted (1500 rpm, 10 min, 4°C), and
washed twice with 10 ml ice-cold PBS. Nuclei were isolated
in 1 ml 0.5% Triton/PBS supplemented with 1x cOmplete
EDTA-free protease inhibitors and 2 mM Na-butyrate (rotate
15 min, 4°C), centrifuged (3000 rpm, 10 min), and washed
once with PBS. Pellets were resuspended in 1 ml RIPA buffer
(10 mM Tris pH 8.0, 140 mM NaCl, 1 mM EDTA, 0.1%
sodium deoxycholate, 0.1% SDS, 1% Triton X-100) supple-
mented with 2 mM CaCl2, 1x cOmplete EDTA-free protease
inhibitors, 1 mM PMSF, and 2 mM Na-butyrate. Lysates of
1 ml were digested with 0.6 U MNase (Sigma-Aldrich), was
resuspended in EX-50 (50 mM KCI, 10 mM HEPES, pH 7.6,
1.5 mM MgCl,, 0.5 mM EGTA, 10% glycerol) at 0.6 U/ul, at
37°C for 35 min and stopped with 22 u1 0.5 M EGTA on ice.
Chromatin was mildly sheared with a Covaris AFA $220 (50
W peak power, 200 cycles/burst, 20% duty factor, 8 min, 4°C),
centrifuged (16 000 g, 20 min, 4°C), and supernatant was pre-
cleared with 10 ul Protein A + G beads per 100 ul chromatin
(1 h, 4°C). Beads were removed (3000 rpm, 3 min), and 50 ul
input was collected. For IP, 200 ul chromatin were diluted to
500 ul in RIPA, incubated overnight at 4°C with antibody or
IgG control, and captured with 40 ul Protein A 4+ G beads (3
h, 4°C). Beads were washed 5 x with 1 ml RIPA, resuspended
in 100 ul TE (10 mM Tris pH 8.0, 1 mM EDTA), and inputs
adjusted to equal volume. Decrosslinking was performed with
RNase A (50 pug/ml, 30 min, 37°C), followed by Proteinase K
(0.5 mg/ml) and SDS (0.6%) at 68°C for 2 h. DNA was puri-
fied using AMPure XP beads. To 100 ul sample, 200 ul beads
(1:1 dilution) were added, mixed by pipetting, and incubated
5 min at RT. Tubes were placed on a magnetic stand for >2
min, supernatant removed, and beads washed twice with 200
ul 80% ethanol. After a brief spin, residual ethanol was re-
moved on the magnetic stand and beads were air-dried for 2
min. DNA was eluted in 30 ul TE buffer (10 mM Tris-HCI
pH 8.0, 1 mM EDTA pH 8.0) by pipetting, incubated 2 min
at RT, and collected after 1 min on the magnetic stand.

CUT&RUN

CUT&RUN was performed as previously described
[26]. Briefly, Concanavalin-A magnetic beads (10 ul of
slurry/reaction) were pre-activated by washing 2 times with
Binding Buffer (BB: 20 mM Hepes pH 7.5 (NaOH), 10
mM KCl, 1 mM CaCl,, 1 mM MnCl). 10 Kc167 cells
per condition were bound to the beads, and washed twice
with Wash Buffer (WB: 20 mM Hepes pH 7.5 (NaOH), 150
mM NaCl, 0.5 mM spermidine, 1x ¢cOmplete EDTA-free
Protease inhibitor). Cells were permeabilized using 150 ul
of Antibody Buffer (AB: 20 mM Hepes, pH 7.5 (NaOH),
150 mM NacCl, 0.5 mM spermidine, 0.05% digitonin, 2 mM
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EDTA, 0.5 mM Na-butyrate). Antibodies were mixed into
AB at the indicated dilutions. Samples were put on a nutator
at RT for 2 h, and washed twice with Dig-Wash Buffer (Dig-
WB: 20 mM Hepes, pH 7.5 (NaOH), 150 mM NaCl, 0.5
mM spermidine, 0.05% digitonin, 1x cOmplete EDTA-free
Protease inhibitor). pAG/MNase protein (700 ng/ml) was
mixed into 150 ul of Dig-WB and samples were placed on
a nutator at 4°C for 1 hour, and then washed twice with
Dig-WB. Chromatin digestion was performed by the addition
of 2 mM (f.c.) CaCl; into 100 ul of Dig-WB and incubated
at 4°C for 30 min. The reaction was stopped by adding
100 ul of 2x STOP buffer (340 mM NaCl, 20 mM EDTA,
4 mM EGTA, 0.05% digitonin, 100 pug/ml RNase A, 50
png/ml glycogen) and the chromatin fragments were released
from insoluble nuclear chromatin by incubating at 37°C for
30 min. Samples were collected by a quick spin and placed
on a magnet stand to concentrate the magnetic beads with
bound chromatin fragments. Chromatin was digested with
0.25 mg/ml Proteinase K/ 0.1% SDS, and DNA was purified
by phenol/chloroform extraction. DNA concentrations were
determined using Qubit (Thermo Fisher).

Library preparation and sequencing

Sequencing libraries were prepared using the NEB Next Ultra
IT DNA Library Prep Kit for Illumina (NEB, E76435) for both
CUT&RUN (as described [26]) and ChIP samples. Libraries
were analyzed with a TapeStation (Agilent). All libraries were
sequenced on an Illumina NextSeq1000/2000 sequencer at the
Laboratory of Functional Genomic Analysis (LAFUGA, Gene
Center Munich, LMU). Approximately § x 10¢ and 20 x 10°
paired-end reads were sequenced per sample for each of the
CUT&RUN and ChIP-seq biological replicates, respectively.

Data analysis
Transcriptome

Analysis of raw reads for RNA sequencing data, PCA and
scatter plots was adopted from Scacchetti et al. [15]. Reads
were aligned either to the Drosophila melanogaster genome
(release 6, annotation: dmel-all-r6.17.gtf) or independently
to the Drosophila virilis genome (release 1, annotation: dvir-
all-r1.07.gtf). All analyses presented in the manuscript are
based on this dataset, unless stated otherwise. Scripts are
available on GitHub (https:/github.com/tschauer/Domino_
RNAseq_2020). Over-representation analysis, was performed
using the org.Dm.eg.db (v3.21.0) [27] database and the en-
richGO function from clusterProfiler (v4.16.0) [28]. Genome
alignment and gene and transcript quantification for Fig. SE
were performed using the Drosophila melanogaster genome
assembly BDGP6.46 (Ensembl), with STAR (v2.7.1a) [29] for
alignment and RSEM (v1.3.0) [30] for quantification. All plots
were generated using R graphics https://www.R-project.org/

[31].

Proteome and acetylome data analysis

Raw mass spectrometry data files were processed using
MaxQuant [32] (v2.1.3.0) with the Drosophila melanogaster
reference proteome fasta obtained from UniProt. The re-
sulting output files—*“proteinGroups.txt” for proteome data
and “Acetyl(K)Sites.txt” for acetylome data — were ana-
lyzed in the R environment [31], using the RAmP package
(v1.3.5) available at (https:/github.com/anuroopv/RAmP).
Differential expression analysis (DEA) was performed using
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default parameters, with the following modifications: for
the proteome dataset, RAmP: : DEA (prot.Data = pro-
teinGroups, sampleTable = SampleTable, org
= “dme,” quantification = “LFQ,” contrast

= c(“tip60 0 vs GST 0,” “chm 0 vs GST 0”),
Fraction = “Proteome”, filter.protein.type = “frac-
tion,” filter.protein.min = 0.75, im-
pute.function = “bpca,” enrich = “ora,” ont
= “BP,” simplify = TRUE, simplify cutoff

= 1, plotType = “treePlot”); for the acety-
lome dataset, RAmP: :DEA (prot.Data = prote-
inGroups, enrich.Data = Acetyl (K)sites,
sampleTable = SampleTable, org = “dme,”
quantification = “LFQ,” contrast =

c(“tip60 0 vs GST 0,” “chm 0 vs GST 0”),
Fraction = “Enriched,”, filter.protein.type = “frac-
tion,” normalize = TRUE, filter.protein.min
= 0.75, impute.function = “bpca,” enrich

= “ora,” ont = “BP,” simplify = TRUE, sim-
plify cutoff = 1, plotType = “treePlot”)

For both the proteome and acetylome datasets, proteins de-
tected in at least 75% of all conditions were initially filtered
and retained for downstream analysis. These were classified
as “Class 2.” After filtering, missing values were imputed us-
ing the BPCA algorithm, followed by differential expression
analysis performed with the limma package [33]. For each
replicate, acetylome intensities were normalized to the mean
LFQ intensity of the corresponding proteome condition. Sig-
nificance was determined using both g-values and IT-values
[34, 35], with a cut-off of 0.05 applied in both cases. Proteins
that failed to meet the 75% detection threshold in at least one
condition were classified as “Class 1.” A protein was assigned
to “Class 17 if it exhibited 2—4 missing values (NAs) in one
experimental condition while having 0-2 NAs in the other,
based on the following allowed combinations: 4-0, 4-1, 4-2,
3-0, 3-1, and 2-0.

For the over-representation analysis, the entire quantified
proteome served as the background for proteome data, while
the full set of identified acetylated proteins was used as the
background for acetylome analysis. Significant proteins from
the proteome and acetylome analyses were separated by log-
fold change to distinguish upregulated and downregulated
(or differentially acetylated) peptides and their corresponding
proteins. Gene Ontology (GO) term enrichment was then per-
formed separately for each group, applying an FDR < 0.05
threshold for significance. Both “Class 1” and “Class 2” pro-
teins were included in the over-representation analysis.

CUT&RUN

Include Raw reads from FASTQ files were first trimmed
to remove sequencing adaptors using cutadapt (v1.16)
[36]. Trimmed reads were then aligned to the Drosophila
melanogaster reference genome (Ensembl BDGP6.46) using
Bowtie2 [37, 38], followed by processing with SAMtools
(v1.9) [39] to filter alignments with a mapping quality of at
least 2 (-q 2), and BEDTools (v2.28.0) [40]. BigWig files were
generated using bamCompare (deepTools v3.5.0) [41], nor-
malizing each CUT&RUN sample to its corresponding IgG
control (for H2A.V and H2A.Vac) or pre-immune serum (for
Tip60), while also adjusting for sequencing depth. For each
condition, biological replicates were averaged according to
the number of mapped reads using bigwigAverage (deepTools
v3.5.6) [41]. All fragment sizes were used for further analysis.
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Table 1. Antibodies.

Antibody Host species Dilution Source / Catalog number Reference
a-Dom-A Rat - monoclonal 1:20 (WB) Peter B. Becker Lab / 17F4 [24]
a-TIP60 Rat - monoclonal 1:20 (WB) Peter B. Becker Lab / 11B10 [15]
a-TIP60 Guinea pig - polyclonal 1:500 (CUT&RUN) Peter B. Becker Lab / SAC390 This study
a-Lamin Mouse - monoclonal 1:1000 (WB) Gift fromH. Saumweber / T40

a-H2AV Rabbit - polyclonal 1:1000 (WB)1:150 (CUT&RUN) Peter B. Becker Lab / SA4871 [24]
a-H2A.Zac(K4-K7) Rabbit - monoclonal 1:300 (CUT&RUN) Cell Signaling - #75336S (D3V1I)

a-H4K12ac Rabbit - polyclonal 1:500 (CUT&RUN / ChIP) Sigma-Aldrich / 07-595

a-1gG Rabbit - polyclonal (CUT&RUN) Cell Signaling - #2729S

PPI-Serum (Tip60) Guinea pig (CUT&RUN) Peter B. Becker Lab / GU612 This study
«-H3S10ph Mouse - monoclonal 1:500 (FACS) Active Motif / 39 636, clone MABI 0312

Peak calling for Tip60 was performed independently in each
replicate with MACS2 (v2.1.2) [42] using the parameters: —
qvalue 0.05 —fe-cutoff 2, and only peaks present in all three
replicates were retained. Only genes with a unique FlyBase
identifier (FBgn; N = 17856) were included in subsequent
analyses. Custom code for CUT&RUN analysis is available
on Zenodo (https://doi.org/10.5281/zenodo.17353707).

Plots and statistical analysis

All plots, graphs, and statistical analyses were performed in
the R environment [31] unless stated otherwise. The choice of
statistical tests was based on the experimental design and data
type and is indicated in the corresponding figure legends.

Results

The DOM-A/TIP60 complex is necessary for cell
proliferation and cell-cycle progression

To investigate the role of the DOM-A/TIP60 complex in cell
proliferation and cell-cycle progression in Drosophila Kc167
cells, we reduced the expression of tip60, dom-A or dom-B
through RNA interference (RNAi) alongside an RNAi control
directed at irrelevant sequences of glutathione-S-transferase
(gst) of Schistosoma japonicum. The knockdown efficiency
was confirmed by immunoblot analysis (Supplementary Fig.
S1A, see Table 1 for antibodies, and Supplementary Table 1
for RNAI primer sequences), demonstrating efficient depletion
of both Dom-A and Tip60 proteins. As observed before [15],
complex disruption by depletion of Dom-A led to reduction
of Tip60, but not vice versa.

Cell viability was assessed using a luminescence-based
CellTiter-Glo assay on days 4 and 7 of RNAIi treatment. As
shown in Fig. 1A, depletion of Dom-A and Tip60 led to
markedly reduced viable cell numbers. Dom-A knockdown
resulted in more pronounced effects, indicating that Dom-A
may have additional functions beyond serving as a delivery
platform for Tip60. By comparison, depletion of Dom-B, the
main H2A.V exchange factor [15], also impaired cell viability,
though to a lesser extent. Control cells proliferated similarly
to untreated cells.

To quantify the impact on cell proliferation, we calculated
nominal duplication rates from the CellTiter-Glo measure-
ments (Fig. 1B). Tip60 and dom-A knockdown led to signif-
icantly reduced duplication rates relative to controls, which
may be explained by a combination of impaired cell division
and increased apoptosis. However, cell division was clearly
impaired, since RNAi against tip60 and dom-A resulted in
a pronounced reduction in the mitotic index, measured by
H3S510 phosphorylation (Fig. 1C). In contrast, depletion of

dom-B did not have a detectable effect in the mitotic index,
underscoring the distinct functions of the DOM-A and DOM-
B complexes in cell-cycle control.

To assess the cell-cycle distribution, we determined DNA
content profiles by flow cytometry of RNAi-treated Kc167
cells. As illustrated in Fig. 1D-F and Supplementary Fig. S1B,
both cells depleted of #p60 or dom-A tended to accumulate
in S phase with a concomitant reduction of G2-M phase. We
also detected an elevated sub-G1 population, indicative of en-
hanced cell death (Supplementary Fig. S1C). The proliferation
defect is evident, yet all phases of the cell cycle are still occu-
pied. Evidently, the reduced cell numbers are not due to ac-
cumulation of cells at one defined checkpoint, but rather to a
generally slowed cell-cycle progression in these asynchronous
cultures.

Cells with proliferation defects upon Dom-A/Tip60
depletion are not sensitive to irradiation

Given the established role of mammalian TIP60/P400 in the
DNA damage response, we tested whether depletion of Dom-
A and Tip60 in Drosophila Kc167 cells would sensitize cells
to exogenous DNA damage. Kc167 cells treated with RNAi
targeting tip60, dom-A, or dom-B along with the gst control
were irradiated with X-rays or UV-C on day 4 of RNAi and
cell viability was measured on day 7 using the CellTiter-Glo
assay (Fig. 2A).

Upon X-ray irradiation, we observed a progressive decline
in cell viability in control cells. As a reference, depletion of
Drosophila Rad51 (Spn-A), a key homologous recombination
(HR) repair factor, strongly sensitized cells to X-rays without
a strong effect on basal proliferation (Fig. 2B). At the time of
irradiation, the viability of Tip60- and Dom-A-depleted cells
was already much compromised, but the remaining cells were
remarkably resistant to irradiation. This became apparent
when cell viability was displayed relative to the correspond-
ing non-irradiated control (Fig. 2C). While rad51 knockdown
significantly sensitized cells to X-rays, depletion of Dom-A or
Tip60 did not increase radiation sensitivity. In fact, depletion
of Dom-A or Tip60 rendered the remaining cells less sensitive
to X-rays compared to control cells. In contrast, dom-B de-
pletion affected baseline viability, but did not enhance X-ray
sensitivity.

Similar results were obtained following UV-C irradiation.
RNAIi against Mus201, known to be involved in UV repair
(Drosophila xpg), served as a positive control and showed
the expected hypersensitivity (Fig. 2D and E). In contrast, nei-
ther Tip60- nor Dom-A-depleted cells exhibited increased sen-
sitivity to UV-C when viability was normalized to the unirra-
diated control (Fig. 2E).
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Figure 1. Depletion of Dom-A/Tip60 leads to cell proliferation defects in Kc167 cells. (A) Viability of Kc167 cells upon RNA interference (RNAI) with tip60,
dom-A, dom-B expression. Control cells were treated with RNAI against gst. Viability was measured using the CellTiter-Glo assay on days 4 and 7 of
RNAI treatment. Error bars: standard error of the mean (SEM) of six biological replicates for days 4 and 5 biological replicates for day 7. Different dsRNA
sequences targeting the same transcript are indicated by #1 and #2. (B) The data in (A) were replotted to reflect the duplication rate of the cells, as
indicated. (C) Mitotic index of cells (measured by H3S10ph staining) depleted of Tip60, Dom-A, Dom-B, or control cells. Error bars: SEM of four biological
replicates. (D) The cell-cycle profile of wild-type and control cells or cells lacking Tip60, Dom-A, Dom-B was determined by DAPI

(4’ ,6-diamidino-2-phenylindole) staining followed by flow cytometry. (E) Cell-cycle phase distribution of the cell populations analyzed in (D). (F)
Quantification of S-phase in (D). Error bars: SEM of five biological replicates.

These findings indicate that the dominant phenotype fol-
lowing Tip60 or Dom-A depletion is a pronounced defect of
cell-cycle progression, which renders the cells relatively resis-
tant to additional cytotoxic effects of DNA damage. These
results support the conclusion that the primary function of
the DOM-A/TIP60 complex in Ke167 cells is to sustain cell
proliferation.

Deregulation of cell-cycle gene expression upon
depletion of DOM-A/TIP60

Given the slowed proliferation phenotype observed upon
Tip60 and Dom-A depletion, we next asked whether this
effect was reflected at the level of gene expression. To ad-
dress this, we re-analyzed existing RNA sequencing data from
Kc167 cells [15]. For comparison, we also included data from
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Figure 3. The DOM-A/TIP60 complex promotes transcription of cell-cycle genes. (A) Principal Component Analysis (PCA) comparing transcriptome
profiles derived from Kc167 cells depleted of Tip60, Dom-A or Dom-B. Data from three biological replicates were used. The percentage of variance
associated with PC1 and PC2 is indicated in parenthesis. (B) Scatter plots comparing the log2 fold-changes in expression of tip60 down-regulated genes
(filtered by p-adjusted cut-off < 0.05; N = 1904) across the depleted cell lines shown in (A). The Spearman correlation coefficient (r) is shown at the top
of the plot. (C) Venn diagram indicating the overlap of down-regulated genes of the data in (B). (D) Dendrogram showing the top 30 significantly enriched
biological process (BP) GO terms from ORA of genes downregulated upon Tip60 depletion, filtered by p-adjusted cut-off < 0.05. The color of the circles
indicates enrichment and their size the number of genes annotated with the corresponding pathway. GO terms were clustered based on semantic
similarity and interpretation summaries are given to the left. (E) MA plot comparing log2 fold-change to mean RNA-seq counts, derived from three
independent experiments between control Kc167 cells and cells depleted of either Tip60 or Dom-A. Differentially expressed genes (p-adjusted cut-off <
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downregulated mitotic cell-cycle-significant genes. In the Tip60 depleted cells, 1904 genes were significantly downregulated and 1139 genes were
significantly upregulated.

downregulated, suggesting a broad role for Tip60 in sustain-
ing proliferative transcription programs. Complementary GO
analysis of Dom-A-regulated genes produced similar results,
with enrichment for mitosis and nuclear division pathways
(Supplementary Fig. S2C). Comparison of RNA-seq log2 fold-
changes between control and Tip60- or Dom-A-depleted cells
confirms the reduction of proliferation-associated transcripts,
including many with roles in the mitotic cell cycle (Fig. 3E). In
contrast, depletion of Dom-B only modestly impacted mitotic
cell-cycle genes (Supplementary Fig. S2D).

Dom-B-depleted cells. Transcriptome profiling revealed that
depletion of Tip60 and Dom-A upon 6 days led to highly
similar transcriptome signatures, clearly distinct from the ef-
fects of either dom-B knockdown or control samples (Fig. 3A,
Supplementary Fig. S2A). This illustrates the earlier conclu-
sion [15] that Tip60 and Dom-A function in a complex to
regulate gene expression, while Dom-B, the principal H2A.V
exchange factor, acts independently.

Indeed, the significantly downregulated genes upon Tip60
depletion (N = 1904, p-adjusted < 0.05) are similarly affected
by Dom-A depletion (Fig. 3B). Tip60 and dom-A knockdowns
showed a strong positive correlation, which was not the case
for a dom-B knockdown. There was a substantial overlap in
downregulated genes of Tip60 and Dom-A depletion, with a
more limited intersection with dom-B (Fig. 3C).

Gene Ontology (GO) analysis of the genes with lowered
expression in the absence of Tip60 reveals a significant en-
richment for categories related to proliferation, cell-cycle pro-
gression and energy metabolism (Fig. 3D; for GO with higher
expression, see Supplementary Fig. S2B). Notably, GO cate-
gories associated with mitotic processes were predominantly

Proteome-wide alteration in cell-cycle regulators
following TIP60 depletion

As part of an acetylome analysis (see below), we deter-
mined the changes in nuclear proteome upon 6 days of
Tip60 depletion. For comparison, we carried out a parallel
analysis with cells depleted of the MYST-family acetyltrans-
ferase chameau (Chm, KAT7), which is known to acetylate
H4K12, like Tip60. We processed four biological replicates
for each condition and identified more than 3000 proteins
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Figure 4. Deregulation of cell-cycle proteins upon depletion of Tip60. (A) PCA comparing nuclear proteome profiles derived from Kc167 cells depleted of
Tip60, Chm or Control by RNAI. Data from four biological replicates were merged. PC1 and PC2 are shown. Percentage of variance is indicated in
parenthesis. (B) Volcano plot showing log2 fold-change in the x-axis and log10 P-value in the y-axis for “Class 2" proteins for Tip60-depleted cells vs
control (Left), and Chm-depleted cells vs control (Right). Filled circles indicate FDR < 0.05 and unfilled circles indicate IT < 0.05. Color of the circles
indicates the nature of differential regulation (red: up; blue: down). (C) Dendrogram showing the top 30 significantly downregulated Biological Process
(BP) GO terms for combined Class 1 + 2 proteins from ORA of the Tip60-depleted proteome, filtered by FDR < 0.05 and IT < 0.05. Color of the circles
indicates enrichment and their size indicates number of genes annotated with the corresponding pathway. GO terms were clustered based on semantic
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(Supplementary Tables 2 and 3). Proteomic profiles showed
distinct clustering of Tip60-depleted replicates, while cells
with reduced Chm levels were more similar to the control
(Fig. 4A). Analysis of proteome profiles revealed widespread
differential expression of nuclear proteins in Tip60-depleted
cells, whereas changes following Chm depletion were mod-
est by comparison. (Fig. 4B). Global analysis of significantly
altered nuclear proteins further emphasized the widespread
impact of Tip60 depletion (Supplementary Fig. S3A).

GO analysis of the proteins that were reduced upon Tip60
depletion mirrored the transcriptomic findings, with top en-
riched categories relating to cell cycle, nuclear division, and
chromatin regulation (Fig. 4C). The log2 fold-changes in RNA
and protein expression for genes present in both datasets cor-
relate only moderately (r = 0.36, Fig. 4D). Evidently, tran-
scription alone cannot explain protein levels, suggesting addi-
tional regulation at the level of protein stability.

We also examined whether depletion of Tip60 altered the
abundance of its own complex components. Label-free quan-
tification (LFQ) revealed that loss of Tip60 led to a reduc-
tion in Ing3 and Eafé, two subunits of the TIP60 core module,
while Chm depletion did not (Supplementary Fig. S3B).

Collectively, the transcriptome and proteome data show
that depletion of the DOM-A/TIP60 complex directly or in-
directly leads to reduced expression of genes involved in cell-
cycle regulation.

Tip60 preferentially binds a subset of active
promoters and correlates with H2A.V acetylation

The acetyltransferase Tip60 has prominent substrates in chro-
matin, notably the N-termini of histones H4 and H2A.V. In
particular, acetylation of H2A.VK4/7 at the first nucleosome
downstream of the transcription start site (TSS), the “+1” nu-
cleosome, is a hallmark of active promoters.

To investigate the genomic localization of Tip60 along with
its substrate H2A.V and acetylated H2A.V (H2A.Vac), we
performed CUT&RUN profiling in Kc167 cells. Hierarchical
clustering of CUT&RUN data of biological replicates docu-
ments the reproducibility of the profiles (Supplementary Fig.
S4A). Visualization of the Tip60 peaks in the heatmaps reveals
two clusters of Tip60 binding sites in relation to the H2A.V
localization (Fig. SA). In cluster 1, Tip60 binding colocalizes
with (acetylated) H2A.V, while cluster 2 shows Tip60 at sites
that lack H2A.V. The annotation of genomic features reveals
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that cluster 1 binding sites are predominantly located at pro-
moters, whereas cluster 2 sites were more often found within
introns and intergenic regions (Fig. 5B).

Chromatin state enrichment analysis using a nine-state
ChromHMM model [43] further refine these observations
(Fig. 5C). Hierarchical clustering reveals that Tip60 predomi-
nantly occupies active promoter and enhancer regions, while
H2A.Vac is restricted to promoters. Notably, consistent with
previous findings [44], H2A.V is not enriched at enhancer re-
gions, explaining the prominent enrichment of H2A.V acety-
lation only at promoters. In contrast, H4K12 acetylation is
found to be predominantly enriched at enhancer regions,
with comparatively lower levels at promoters, suggesting
that TIP60-mediated H4K12 acetylation is largely enhancer-
specific. This pattern of H4K12 acetylation was further val-
idated by ChIP-seq assay (Supplementary Fig. S4C). These
findings point to an interesting locus-specific functional di-
versification according to which at H2A.V acetylation is the
modus operandi at promoters, whereas H4K12 acetylation is
favored at enhancers.

Changing the perspective, we monitored the association of
Tip60 at the transcription start sites (TSS) of 17 856 annotated
Drosophila genes (Fig. 5D). CUT&RUN profiles show that
Tip60 localizes specifically to the subset of promoters (clusters
1 and 2) characterized by H2A.V enrichment. The patterns
resolve the nucleosomes around the TSS, with highest H2A.V
enrichment at the “+1”-nucleosome. The H2A.V acetylation
pattern follows that of H2A.V. Tip60 and H2A.Vac occu-
pancy was positively correlated with steady-state gene expres-
sion (TPM) in control Kc167 cells, reinforcing the idea that
Tip60 is a coregulator of active transcription (Fig. SE). A sub-
stantial fraction of downregulated genes upon Tip60 deple-
tion are bound by Tip60 (Supplementary Fig. S4B and D).
However, Tip60 is also found at genes that gain transcription
upon depletion of the KAT, pointing to indirect effects that
are discussed below (Supplementary Fig. S4D). It is also pos-
sible that Tip60 acts as a repressor in some contexts, as has
been shown earlier for mESCs [19]. Moreover, Tip60 bind-
ing is largely restricted to ubiquitously expressed housekeep-
ing genes, including genes that drive energy provision and cell
proliferation (Supplementary Fig. S4E). Consistent with this,
H2A.V has also been shown to localize to ubiquitously ex-
pressed genes [45].

Together, these findings suggest that the DOM-A/TIP60
complex targets a distinct cohort of active promoters where
H2A.V acetylation correlates with transcriptional activation,
while Tip60 binding at enhancers likely reflect functions inde-
pendent of H2A.Vac.

Depletion of Tip60 leads to a global reduction of
H2A.V acetylation at promoters

The localization of Tip60 correlated well with H2A.V acety-
lation at promoters. To explore causality, we depleted Tip60
and analyzed the levels of residual Tip60 and H2A.Vac by
immunoblotting of chromatin-enriched fractions. This re-
vealed a pronounced reduction in acetylated H2A.V levels
(Supplementary Fig. S5A). CUT&RUN profiling showed that
Tip60 signals were effectively lost at TSS genome-wide, as ex-
pected (Fig. 6A). This correlated with a substantial reduction
in H2A.Vac at promoters, indicating that Tip60 may indeed
be the primary enzyme responsible for acetylating H2A.V
at these sites. A genome-wide browser view further illus-

trated the widespread reduction of both Tip60 binding and
H2A.Vac upon Tip60 depletion across Drosophila chromo-
somes (Fig. 6B).

Focusing on a subset of genes associated with the GO term
‘mitotic cell cycle’ (Supplementary Fig. S5B), of which many
showed reduced expression in Tip60-depleted cells, we ob-
served marked losses of Tip60 and H2A.Vac at corresponding
TSS, among them, for example, six subunits of the replicative
helicase complex (S-phase) (Fig.6C, Supplementary Fig. S5B).

Fig. 6D exemplifies these general statements with genome
browser tracks for relevant genes, encoding proteins known to
affect several aspects of cell-cycle progression, such as genes
encoding cyclin A (G2/M transition), cyclin B (mitosis), cyclin
D (progression through G1), polo kinase (mitosis), the tran-
scription factor E2F subunit Dp (transcription of cell-cycle
genes) and nejire, Drosophila CBP/KAT3, a global regulator
of cell signaling and proliferation. In all cases, Tip60 binding
and H2A.Vac was prominent at their promoters and their loss
correlated with reduced transcription.

We also found that Tip60 and H2A.Vac are prominently
enriched at many promoters of genes with GO term ‘DNA
repair’. Here the H2A.Vac signals were also substantially di-
minished following Tip60 depletion (Supplementary Fig. S5C,
D).
Together, these findings demonstrate that Tip60 is required
for H2A.V acetylation at promoters on a genome-wide scale,
and that this modification correlates with the expression of
genes driving both cell-cycle progression and genome integrity
maintenance in Drosophila cells.

Depletion of Tip60 leads to widespread alterations
in the nuclear acetylome

The correlation between the transcriptome and proteome
changes upon Tip60 depletion were only modest (Fig. 4D),
suggesting an additional layer of regulation. Because pro-
tein stability can be affected by acetylation through compe-
tition with ubiquitylation at relevant lysines [46], we consid-
ered contributions of Tip60-dependent acetylation. Yeast and
mammalian TIP60 are known to acetylate proteins in addi-
tion to histones [47-50]. To explore the broader acetylation
landscape governed by Tip60 in Drosophila, we profiled the
nuclear acetylome of Kc167 cells by mass spectrometry fol-
lowing RNAi-mediated depletion of Tip60 relative to control.
As a further reference, we determined the acetylome changes
upon depletion of Chm/KAT?7. Like Tip60, Chm is known to
acetylate H4K12 [51], and we intended to explore a hypo-
thetical functional redundancy between the enzymes in non-
histone protein acetylation.

We processed four biological replicates for each condition
and identified more than 430 acetylated peptides, which cor-
respond to more than 330 acetylated proteins, some of which
were acetylated at multiple sites. One class of peptides “Class
1” was identified robustly in most or all control conditions,
but not at all or only in one or two Tip60 depletion repli-
cates. These are the strongest candidates for Tip60-dependent
acetylation sites. Because multiple values were missing, im-
putation of missing values was not warranted. As a result,
we do not have statistical information about these “Class 1”
peptides and they have also not been normalized to the cor-
responding proteome values (Supplementary Table 4). The
absence of a peptide may to some extent be explained by
the absence of the protein, for example due to the down-
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Figure 6. Depletion of TIP60 leads to reduced H2A.Vac. (A) Enrichment of Tip60 and H2A.Vac by CUT&RUN on TSSs (N = 17 856) in Kc167 cells
depleted of Tip60 (tip60) relative to control, illustrated by cumulative profiles (top) and heatmaps (bottom). Coverage windows of 4 kb around the TSS
are selected and the mean is calculated for each column. Sorting is according to the Tip60 signal in control cells (highlighted). The coverage of each
replicate was normalized to its corresponding IgG control (for H2A.V and H2A .Vac) or pre-immune serum (for Tip60), and the mean signal of 3 biological
replicates was calculated. (B) Genome browser tracks of Tip60 and H2A.Vac CUT&RUN in control cells or cells RNAi-depleted of Tip60 (tip60) across the
Drosophila melanogaster chromosomes. (C) Enrichment of Tip60 and H2A.Vac around the TSS of genes with GO annotation ‘mitotic cell cycle’ selected
for binding of Tip60 and reduced expression upon Tip60-depletion (g-adj < 0.05). The display is as in (A). (D) Genome browser tracks of Tip60 and
H2A.Vac CUT&RUN in control cells or upon RNAI depletion of Tip60 (tjp60) at promoters of the genes Dp, CycA, CycB, CycD, polo and nej.

regulation of gene expression discussed earlier. “Class 2”
peptides were identified and quantified in most of the sam-
ples and missing values were imputed to obtain quantita-
tive data, which were normalized to the ‘input’ proteome
(Supplementary Table 5).

The acetylome profiles (all peptides) separated the Tip60-
depleted samples clearly from control cells, accounting for the
largest proportion of variance (Fig. 7A). This indicates that
loss of Tip60 induces specific changes in the nuclear acety-
lome. Tip60 and Chm share some substrates (Fig. 7B), which
likely accounts for the partial overlap observed between the
sample groups. Approximately 65% of the Tip60-dependent
acetylation events were specific to Tip60 depletion. Likewise,
approximately half of the acetylation changes upon Chm de-
pletion appeared specific to this KAT, demonstrating the dis-
tinct substrate specificities of these two MYST family acetyl-
transferases.

Focusing on Tip60, widespread changes in differentially
acetylated “Class 2” peptides were observed following Tip60
loss (Supplementary Fig. S6A and B). While acetylation gains
are unquestionable due to indirect effects (see below), peptides
that lose acetylation upon Tip60 depletion qualify for direct
targets. GO analysis of those proteins reveals a pronounced
enrichment for categories related to transcription, chromatin
organization and RNA/DNA metabolism (Supplementary Fig.
S6C). Related GO categories were enriched following Chm
depletion (Supplementary Fig. S6A, B, and D).

Inspection of the lists of Tip60-dependent “Class 1” pep-
tides or significantly changed “Class 2” peptides yields a re-
markable set of proteins involved in replication and mitosis,
as well as gene expression and chromatin regulation with rel-
evance to cell growth and proliferation. Fig. 7C lists selected
proteins to illustrate the potential of acetylation-based regu-
lation. We find four different TFIID subunits, a FACT sub-
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Figure 7. Depletion of Tip60 leads to numerous acetylome changes. (A) Principal Component Analysis (PCA) of nuclear acetylome profiles from Kc167
cells following RNAi-depletion of Tip60, Chm, or Control. Data from four biological replicates were combined. The percentage variance associated with
PC1 and PC2 is indicated in parentheses. (B) Venn diagram showing the overlap between the acetylated peptide targets (“Class 1" and “Class 2") that
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FDR < 0.05 and IT < 0.05. (C) Visualization of selected acetylated protein targets regulated by Tip60 (for full list see Supplementary Tables 4 and 5).
Proteins categorized from “Class 1" and “Class 2" are displayed in colors. The number in brackets indicate the number of different acetylated peptides

identified in “Class 1" (on the left) or “Class 2" (on the right).

unit (Dre4), several sequence-specific activating transcription
factors (TFs), among them p53, myb, DREE, the pioneer TF
CLAMP and HCEF, as well as repressors of transcription initi-
ation (tramtrack, ttk) and elongation (Nelf-A). Furthermore,
a substantial number of factors involved in transcript splic-
ing and processing are found. The functional term “cell cycle’
lists several proteins involved in replication, among them both
topoisomerases, the histone chaperone subunit Caf1-180, two
RFC subunits and RPA, as well as several proteins are involved
in mitosis. Surprisingly, a large number of nucleolar proteins
and ribosome subunits are found acetylated.

Among the epigenetic regulators that are candidates for
Tip60-dependent acetylation are proteins of nucleosome re-
modeling complexes, chromosomal insulators, components
of the nuclear lamina and nuclear pores, proteins involved
in forming constitutive and facultative (polycomb-dependent)
hetero-chromatin, protein methyltransferases and demethy-
lases, as well as proteins involved in acetylation/ deacetylation
reactions.

In summary, these results demonstrate that Tip60 brings
about a unique nuclear acetylome signature in Drosophila
proliferating cells, involving numerous proteins involved
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in gene expression, chromatin regulation and cell-cycle
control.

Discussion

Our comprehensive analysis of the consequences of Tip60 de-
pletion in a Drosophila cell model reveals the DOM-A/TIP60
complex as an essential regulator of proliferation and cell-
cycle progression. Depletion of the effector acetyltransferase
Tip60 or its partner Dom-A triggers marked proliferation de-
fects and broad transcriptional and proteomic changes with
relevance for cell growth and proliferation. We hypothesize
that Tip60, through the compendium of its prominent sub-
strates, plays a central role in coordinating cellular functions
to assure a smooth progression through the cell cycle. Our
findings may have more general relevance, as they are in line
with recent genetic and molecular studies in mammals, where
TIP60 deletion or depletion caused cell-cycle arrest with fail-
ure to proceed to metaphase [17, 52], and with the observation
that H2A.Z in mammals is not required in non-dividing cells
21, 53].

It is likely that some of the Tip60-dependent effects we de-
scribe are of indirect nature. The fact that a substantial num-
ber of genes are upregulated upon Tip60 depletion, may be an
indication. First, perturbation of the cell cycle (by Tip60 deple-
tion or any other mechanism) will inevitably lead to changes in
gene expression and protein modifications that are secondary
to the immediate action of Tip60. Second, because several of
the proteins that are acetylated by Tip60 are KAT subunits
themselves (among them CBP, see below), some acetylation,
albeit “Tip60-dependent,” may not be placed by Tip60, but
by a KAT regulated by Tip60. We will expand further on such
a hypothetical scenario below. Because regulation by acety-
lation is rapid and reversible and does not require gene ex-
pression, such indirect effects may occur rapidly and not be
revealed even by acute depletion strategies. Third, Tip60 may
also exert functions through acetylation-independent mecha-
nisms, as has been suggested in other contexts. Critical KAT-
independent functions of TIP60 have been observed in mouse
embryonic stem cell renewal and preimplantation develop-
ment, but postimplantation the expression of genes encoding
developmental transcription factors and growth factor signal-
ing components were reduced or delayed in the absence of
KAT activity [54]. While it is very possible that Tip60 has
acetylation-independent functions in flies as well, we here fo-
cus on effects mediated by acetylation.

Histones are prominent substrates of Tip60 and their acety-
lation at promoters immediately suggests a mechanism for
transcriptional regulation. In addition, our description of the
Tip60-dependent acetylome in Drosophila widens the spec-
trum of potential, non-exclusive mechanisms of proliferation
control.

Tip60 acetylates H2A.V at the promoter of cell-cycle
genes

One evolutionary conserved mechanism through which Tip60
regulates transcription is the acetylation of histones H4
at lysine 12 and of the H2A variant H2A.Z (H2A.V in
Drosophila). The acetylation of H2A.Z at the first nucleo-
some downstream of the transcription start site characterizes
active promoters [10], but direct evidence for a functional role
of the acetylation is scarce [53, 55]. We found that Tip60
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binds to active promoters and promotes acetylation of H2A.V
(H2A.Vac). Depletion of the KAT leads to reduced transcrip-
tion of critical genes involved in cell-cycle regulation, such as
genes encoding three cyclins, polo kinase, the transcription
factor E2F subunit Dp) and Drosophila CBP/KAT3, a global
regulator of cell signaling and proliferation (see below). To-
gether, these selected factors regulate all major aspects of cell-
cycle progression, explaining a general slowing of prolifera-
tion without a dominant checkpoint phenotype.

Interestingly, our data suggest that Tip60-dependent
H4K12 acetylation [15, 56] is prominent at enhancers, where
H2A.Vac is not enriched.

Beyond gene regulation: implications of the
Tip60-dependent acetylome

A recent cell-cycle-resolved acetylome study in HeLa cells re-
vealed the complexity of acetylation in proteins other than
histones and their changes during the cell cycle [49]. For
Drosophila, such a comprehensive analysis had been lacking.
We focused on the nuclear acetylome of asynchronous cells,
and monitored changes upon Tip60 depletion. As a reference
for selectivity, we also determined the acetylome catalyzed
by the MYST family acetyltransferase Chameau (KAT7) [57],
which, like Tip60, is known to acetylate H4K12. While Chm
affects proteins involved in intermediary metabolism [51, 58],
Tip60 substrates relate to gene expression, chromatin biology
and the cell cycle. At this point, we have no evidence that
any of these acetylations is functional, however, the nature
of the acetylated proteins, including powerful regulators of
transcription and chromatin structure, replication and mito-
sis, nucleolus organization and ribosome assembly, is striking.
Currently, the effects of Tip60 acetylation are mostly inter-
preted in the context of H2A.Z acetylation [17, 53]. In the
following, we will speculate about the regulatory potential of
the Tip60 acetylome.

Acetylation of transcription factors

The TIP60-dependent acetylome includes factors generally in-
volved in transcription initiation (six subunits of the general
transcription factor TFIID), elongation (the FACT subunit
Dre4, Nelf-A, topoisomerase I), as well as in co-transcriptional
splicing/ RNA processing. The latter observation resonates
with recent observations of functional interactions of Tip60
with the splicing machinery [59]. It has been reported that
Tip60 binds directly to nascent RNA [60] and this may well
go along with acetylation of splicing factors.

TIP60 has been described as a transcriptional co-activator
complex that mediates the action of specific transcription fac-
tors (TFs) involved in cell-cycle progression, such as c-Myc,
E2F1land p53 [6, 17]. In flies, the DOM-A/TIP60 complex di-
rectly interacts and functionally cooperates with the transcrip-
tion factor Myc in neuroblast maintenance [61]. We find sev-
eral specific TFs acetylated that are known to regulate S-phase
genes or to mediate signals for cell-cycle progression. For ex-
ample, DREF is involved in mediating signals from TOR,
JUNK and EGFR pathways [62]. Among the high-confidence
TIP60-dependent acetylation targets are several subunits of
DREAM, a complex that regulates hundreds of genes involved
in cell-cycle decisions [63]: the TF Myb and its interaction
partner Mip120, as well as the E2F-subunit Dp [64]. Oth-
ers have suggested roles for Tip60 in regulation of E2F target
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genes and described genetic interactions with DREAM/MMB
components.

Acetylation of epigenetic regulators — an
acetylation network?

Tip60-dependent acetylation of constituents of the nuclear
lamina, nuclear pores, constitutive as well as facultative hete-
rochromatin, chromosomal insulators and cohesin may im-
pact nuclear architecture. With four subunits of the devel-
opmental transcription regulator polycomb and three sub-
units of the COMPASS methyltransferase, two epigenetic an-
tagonists of cell fates and differentiation are found multiply
acetylated [65]. Remarkably, we found the COMPASS sub-
unit NcoA6, which mediates the effect of the hippo pathway,
acetylated at 15 different sites. Acetylations are further found
in five distinct nucleosome remodeling complexes, including 5
BRM (brahma) subunits.

Several of the proteins acetylated in a Tip60-dependent
manner are involved in acetylation reactions themselves.
These include the acetyltransferase KAT6 (enoki) [66], the
KAT8-containing NSL complex [67], as well as components
of the Sin3A and INHAT histone deacetylase complexes. If the
activity of these enzymes was regulated by acetylation, some
of the Tip60-dependent effects may be indirect.

The most remarkable finding is that Drosophila KAT3
(dCBP, encoded by the gene nejire), a central regulator of cell
proliferation [68], is acetylated at 8 different sites. The case
of CBP illustrates the potential for direct regulation of CBP as
well as indirect regulation through CBP activity. First, the CBP
gene promoter is bound by Tip60 as well as H2A.Vac. Upon
Tip60 depletion, the expression of the gene is significantly re-
duced. Nevertheless, CBP peptides can still be detected in the
proteome and can be used to normalize the Tip60-dependent
acetylation. Seven of the eight Tip60-dependent acetylation
sites cluster in or just next to the conserved TAZ2 domain,
a domain that has been shown to interact with diverse tran-
scription factors in the context of the mammalian CBP/P300
paralogs and is part of an autoinhibitory structure [69-71].
The interaction of theTAZ2 domain with the nucleosome core
particle is important for acetylation of nucleosomes [69]. Hu-
man CBP, in turn, has been shown to acetylate thousands of
transcription factors, coregulators and chromatin remodelers
and in addition to histones [72]. Obviously, regulation of CBP
recruitment or catalysis by Tip60 would have major implica-
tions. There is precedence for such type of regulation. CBP
was the best non-histone target in a HAT1 acetylome study.
HAT1 was found to acetylate CBP in the auto-inhibitory loop,
suggesting that acetylation of these sequences regulates CBP
activity [73]. It is tempting to speculate that such a highly con-
nected regulatory network involving protein acetylation may
exist in Drosophila as well, of which Tip60 is a central player.

Acetylation appears to be particularly suited to coordinate
critical decision of cell growth and division, because it is in-
timately connected to the nutritional and energetic state of a
cell through the central metabolite acetyl-CoA.

Nucleolus and ribosomes

Cell proliferation is tightly connected to cell growth, which
in turn requires scaling of protein synthesis capacity. Cellu-
lar stress is signaled to the nucleolus to dampen the energy-
consuming biogenesis of ribosomes (and hence translation),
a process that is closely associated with p53-dependent cell-

cycle arrest [74]. Remarkably, we do not only find p53 among
the Tip60-dependent acetylome, but 12 proteins involved in
nucleolus organization and ribosome biogenesis, including a
subunit of RNA polymerase 1. Furthermore, nine ribosomal
proteins are acetylated in a Tip60-dependent manner. It is
tempting to speculate that acetylation could be used to signal
forthcoming conditions for protein synthesis, such as absence
of stress and energy availability.

Progression through S-phase, replication stress
and mitosis

In line with the hypothesis that widespread Tip60-dependent
acetylation could promote cell-cycle progression, we observed
numerous factors involved in replication among the acety-
lome, including both topoisomerases, two histone chaperones,
RPA1, as well as two subunits of the evolutionary conserved
replication factor C, Elgl, and Gnfl. Elgl is a component
of the RFC-like complex, which plays a key role in unload-
ing PCNA from chromatin after DNA replication or dur-
ing replication stress [75], an essential step for maintaining
genome stability and enabling cell-cycle progression. Tip60
may indeed be involved in modulating replication fork sta-
bility. Buttitta and colleagues concluded from their work on
mutant imaginal disks that one function of Tip60 in vivo is to
suppress an endogenous damage response to allow progres-
sion through S and G2 phases [76]. Notably, we identified SH-
PRH as a DOM-A interactor, the fly ortholog of yeast Rad$
(unpublished), which reinforces the idea that DOM-A/TIP60
may play a role in post-replicative repair or in resolving repli-
cation stress.

Tip60 depletion led to impaired cell-cycle progression, but
the remaining viable cells were not particularly sensitive to
either X- or UV-irradiation and even seemed to be less sensi-
tive than control cells. This finding is reminiscent of the situ-
ation in fission yeast, where the Esal-Vid21 complex, a func-
tional ortholog of NuA4/TIP60, primarily supports repair of
collapsed replication forks, rather than chromosomal breaks
[77]. This complements emerging models proposing that his-
tone acetylation by TIP60 may modulate replication fork sta-
bility and chromatin accessibility during S-phase, rather than
operating as a primary responder to acute genotoxic stress
[78].

Tip60 also acetylates Mxc, a known substrate of the Cy-
clin E/Cdk2 kinase complex and a scaffold protein necessary
for assembling the histone locus body. This nuclear compart-
ment coordinates transcription and processing of replication-
dependent histone mRNAs during S-phase [79]. Stalled repli-
cation forks could be signaled via Tip60 to repress histone
gene expression.

Finally, we find various components involved in organiz-
ing the mitotic spindle and cytokinesis enriched among the
Tip60-dependent acetylome. It is tempting to speculate that
these acetylations reflect the evolutionary conserved interac-
tions of Tip60 with the mitotic apparatus, which are required
for proper mitosis and cytokinesis [80].

Tip60 — a central promoter of cell proliferation?

We highlighted the above-mentioned factors from the rich
acetylome comprising some 330 proteins to illustrate the regu-
latory potential of the Tip60-dependent acetylome. The acety-
lome contains numerous unstudied proteins (represented by
“CG” gene numbers), whose function needs to be explored.
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Together, our study provides a rich resource to feed functional
studies.

At this point we do not have evidence that the acetyla-
tions we describe have functional relevance, but given that
lysine acetyltransferases are global regulators of various cel-
lular processes, it seems reasonable to assume their regula-
tory potential. Many of the proteins acetylated by Tip60 are
themselves regulators of gene expression, cell-cycle signaling
and chromatin structure. We consider that information about
the cell’s state that are relevant to proliferation decisions are
somehow conveyed to the Dom-A complex and Tip60 then
coordinates all relevant processes through two complemen-
tary mechanisms involving acetylation. The slower regulation
of gene expression through histone acetylation sets the gen-
eral course of the cell cycle, whereas the fast and reversible
acetylation of diverse effector proteins may enable fine-tuning
of energy-intensive processes in response to stresses or nutri-
tional shortcomings. Poor growth conditions may be signaled
broadly by ubiquitous and abundant deacetylases to reinforce
cell-cycle checkpoints.

In summary, we propose the DOM-A/TIP60 complex as a
master regulator of cell proliferation in Drosophila, with func-
tional conservation likely extending to higher eukaryotes.
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