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Abstract
Background: The epigenetic regulator UHRF1 (Ubiquitin-like, containing PHD and RING �nger domains 1)
plays an essential role in faithful transmission of DNA methylation during replication. It has
tumorogenesis potential and is overexpressed in cancers. TIP60 (Tat interactive protein, 60 kDa) is an
important partner of UHRF1, ensuring various cellular processes through its acetyltransferase activity.
TIP60 is believed to exert a tumor suppressive role partly explained by its down-regulation in many
cancers. Both proteins participate in various cellular functions such as chromatin remodeling, cell cycle,
DNA damage repair and regulation of protein stability.

Methods: Immunoprecipitation and confocal microscopy techniques were performed to study the
ubiquitination of UHRF1 and USP-UHRF1 association. Fluorescence lifetime imaging microscopy (FLIM)
technique was performed to analyze the interaction between UHRF1 and ubiquitin inside the nucleus.
Western blotting was used to assess the effect of TIP60 overexpression on p73, pro- and anti-apoptotic
proteins. TIP60-mediated apoptosis in HeLa cells was investigated by �ow cytometry. Results were
statistically analyzed using Graphpad prism.

Results: Herein, our goal was to investigate the role and mechanism of TIP60 in the regulation of UHRF1
expression. Our results showed that TIP60 overexpression down-regulated UHRF1 and DNMT1 (DNA
methyltransferase 1) expressions. TIP60 interfered with USP7-UHRF1 association and induced
degradation of UHRF1 in an auto-ubiquitination dependent pathway. Moreover, TIP60 activated the p73-
mediated apoptotic pathway.

Conclusion: Taken together, our data suggest that the tumor suppressor role of TIP60 is mediated by its
regulation to UHRF1.

Background
The multidomain protein, Ubiquitin-like, containing PHD and RING �nger domains 1 (UHRF1, also known
as ICBP90 in human) [1, 2], is an important epigenetic integrator responsible for the faithful transmission
of DNA methylation patterns from parent strands to daughter strands during DNA replication [1, 3, 4, 5, 6,
7, 8]. UHRF1 performs this role by recognizing the CpG motifs in hemi-methylated DNA through its SRA
domain (SET and RING-associated domain) and by recruiting DNMT1 (DNA methyltransferase 1) [6, 7, 8,
9, 10]. TTD and PHD domains help UHRF1 to read the histone marks [11, 12, 13]. The RING domain of
UHRF1 has intrinsic ubiquitin E3 ligase activity by which UHRF1 can ubiquitinate itself (auto-
ubiquitination) [14, 15] or other proteins including histones [16, 17]. Ubiquitylation by UHRF1 of H3K23
and H3K18 is important to create binding sites for DNMT1 [7, 18, 19, 20, 21]. The N-terminal UBL domain
of UHRF1 binds directly to DNMT1 and increases its enzymatic activity toward chromatin by controlling
H3 ubiquitination [20, 21, 22]. UHRF1 is also involved in DNA damage response [4, 23, 24] and regulation
of the stability and function of several other proteins such as p53, PML (promyelocytic leukemia protein)
and DNMT1 through the collaboration with other epigenetic partners such as USP7 (Ubiquitin-speci�c-
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processing protease 7), HDAC1 (histone deacetylase 1) and TIP60 (Tat interactive protein, 60 kDa) [4, 17,
25, 26].

We �rst reported the interaction of UHRF1 with TIP60 [27]. Indeed, UHRF1 and TIP60 were found to be in
the same macromolecular complex and interact with each other [17, 25, 27]. TIP60 was originally
recognized as an interacting partner of HIV-1 Tat protein [28]. TIP60 (also known as KAT5) belongs to the
MYST family (MOZ, YBF2/SAS3, SAS2, TIP60) having an evolutionary conserved domain which harbors
histone acetyltransferase (HAT) activity [29, 30, 31, 32]. At its N-terminus, TIP60 has a chromodomain
(CRD), while its C-terminus contains the conserved enzymatic MYST domain [33]. TIP60 reads histone
marks (H3K4me2/H3K9me3) through its CRD domain [34] and translates it through MYST domain [35].
Inside the MYST domain, there is the catalytic HAT domain which binds to acetyl coenzyme A and
catalyzes acetylation of both histone and non-histone proteins [36, 37]. This acetyltransferase activity is
stimulated by a zinc �nger which helps TIP60 to interact with the targeted substrates [38, 39, 40].
Through its enzymatic activity, TIP60 is a central player in many key cellular processes like chromatin
remodeling, DNA damage response, transcription regulation, genomic integrity, cell cycle and apoptosis
[25, 36, 39, 41, 42, 43]. For instance, it interacts with and regulates transcription of nuclear hormone
receptors, p53, c-MYC and NF-ҡB [39, 42, 44]. Interestingly, it also regulates p53 activity in an acetylation-
dependent (K120 of p53) and independent way [25]. Acetylation of p53 activates p21 and the PUMA
pathway, which leads to cell growth arrest and apoptosis, and thus, ensures tumor suppression [25].

Downregulation of TIP60 inhibits both p21 activation and growth arrest [45]. During M-phase, TIP60 is
essential for the chromosomal segregation [46] and cell cycle progression [47, 48, 49]. Cells lacking
TIP60’s acetyltransferase activity, loose their ability to repair DNA and ultimately, the cell cycle control
[41]. Heterozygous deletion of TIP60 gene (HTATIP) has a lethal effect on embryos [50]. In many cancers,
TIP60 levels are low as compared to normal cells supporting a tumor suppression role [25, 41, 45, 51, 52,
53, 54, 55, 56]. In accordance with this role, high levels of UHRF1 have been shown to interfere with
TIP60-p53 interplay and prevent p53 activation which leads to tumorogenesis and/or tumor progression
[25]. Therefore, targeting UHRF1 in cancer cells would permit to rescue p53 levels and enhance the
coordinated dialogue between p53 and TIP60. In a previous study, we have shown that UHRF1 interacts
with the MYST domain of TIP60 [57]. Moreover, UHRF1 through its E3 ligase activity, ubiquitinates
DNMT1 and by this way impacts its levels [17, 58, 59]. Although it has already been shown that TIP60
overexpression down regulates UHRF1 levels in HeLa cells [57], the mechanism of the TIP60-mediated
UHRF1 down-regulation in cancer cells remains elusive. Here, we demonstrate that TIP60 interferes with
the UHRF1-USP7 association. After dissociation from USP7, UHRF1 is auto-ubiquitinated by its RING
domain. The resulting down-regulation of UHRF1 activates p73- mediated apoptosis. Altogether, these
observations provide new insights about TIP60’s tumor suppressive role by controlling UHRF1 levels.

Methods

Materials



Page 4/27

MG-132 (C26H41N3O5) was purchased from Selleckchem.com Inhibitor Expert (S2619, USA). MG-132 was
dissolved in pure DMSO (Sigma-Aldrich) and stored at -80 °C. Propidium iodide (130-093-233) was
purchased from Miltenyi Biotec while Annexin V-iFluor™ 350 conjugate (20090) was purchased from AAT
BioquestR. TIP60 inhibitor 5-(1,2-Thiazol-5-yldisulfanyl)-1,2-thiazole (NU9056) was purchased from
TOCRIS (1450644-28-6).

Cell culture
HeLa cells (ATCC, CCL-2, Amp, Cervical Adenocarcinoma; Human) and HeLa cells stably expressing either
GFP-UHRF1 WT or GFP-UHRF1 C724A-H741A protein, were grown in Dulbecco’s Modi�ed Eagle’s Medium
(DMEM 1X + GlutaMAX™, Pyruvate, Gibco, Lifetech, France) which was supplemented with 10% fetal
bovine serum (FBS, S1810-500, Dominique Dutscher), in addition to mixture of penicillin (100 U/ml) and
streptomycin (100 U/ml) (17-602E, Lonza, USA), at 37 °C with 5% CO2 in humidi�ed environment.
Plasmids were transfected in HeLa cells with either jetPEI™ or jetPRIME (PolyPlus-transfection, France)
according to the manufacturer’s protocol.

Plasmid constructs
TIP60 wild-type and mutants (ΔHAT, ΔMYST) were cloned into a pEGFP-N1 plasmid to express eGFP-
labeled TIP60 proteins in HeLa cells. RFP-Ubiquitin was purchased from addgene (#11935).

Antibodies
Mouse monoclonal anti-UHRF1 was engineered as described previously [1]. Other antibodies used include
rabbit polyclonal anti-HAUSP/USP7 (Abcam, ab4080), mouse monoclonal anti-DNMT1 (Proteogenix,
France, PTG-MAB0079), mouse monoclonal anti-Ubiquitin (Merck, 05-944), mouse monoclonal eGFP
(Proteintech, 66,002-1-Ig and Thermo Fisher Scienti�c A-11120), rabbit polyclonal anti-mCherry (Genetex
GTX 59788), mouse monoclonal anti-GAPDH (Merck Millipore MAB374), mouse monoclonal anti-GFP
(Proteintech, 66002-1-Ig), mouse monoclonal anti-p73 (BD Biosciences Pharmingen, 558785), rabbit
polyclonal anti-Caspase 3 (Cell Signaling Technology, Danvers, MA, USA, 9661), mouse monoclonal anti-
BCL2 (Merck-Millipore, 05-826), mouse monoclonal anti-PARP (BD Biosciences Pharmingen, 51-6639GR)
and rabbit polyclonal anti-BAX (Merck Millipore, AB2930).

Western blotting
For Western blot, cells were collected 24 h after the transfection by trypsinization. For ubiquitination
experiments, cells were treated with MG-132 (10 µM) 8 h before cells harvesting. After centrifugation,
media was discarded, and cell pellet was washed with PBS. Cells were lysed with ice cold lysis buffer
(10 mM Tris-HCl pH 7.5, 1 mM EDTA, 150 mM NaCl and 1% NP40 supplemented with protease inhibitors
(11836170001, cOmplete mini EDTA-free protease inhibitor cocktail tablets, Roche Diagnostics GmbH,
Germany). After denaturation for 7 min in Laemmli sample buffer (1610747, Bio-Rad Laboratories USA),
40 µg of the protein from cell lysates were loaded on 7.5% and 10% SDS-PAGE gels. Proteins were
identi�ed by anti-UHRF1, anti-Ubiquitin, anti-DNMT1, anti-USP7, anti-eGFP and anti-GAPDH antibodies,
with overnight incubation at 4 °C. HRP (horseradish peroxidase) conjugated secondary antibodies, anti-
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mouse (W402B, Promega, France) or anti-rabbit (W401B, Promega, France) were used to label primary
antibodies. Signals were detected on an Image Quant LAS 4000 apparatus (GE Healthcare Life Sciences,
USA) with chemiluminescent ECL system (Clarity™ ECL western blotting substrate, Bio-Rad, France, 170–
5060). Image Studio Lite (Li-Core Biosciences, USA) was used to analyze the images.

Immunoprecipitation (IP)
For immunoprecipitation, cells were collected and lysed by freeze shock. Mild sonication was done in ice
cold PBS freshly supplemented with protease inhibitors cocktail tablet. Input controls were made by
taking 40 µg of protein from each lysate. 1000 µg to 1500 µg of protein lysate were incubated with anti-
UHRF1 antibody at 4 °C for 3 h or with anti-USP7 antibody at 4 °C overnight. After washing and
equilibration, 60 µL of Dynabeads® protein A (Thermo Fischer Scienti�c, Norway 1002D) were added to
the lysate-antibody mixture and incubated for 1 h at 4 °C. Later, beads were collected and washed 3–5
times with ice cold PBS freshly supplemented with protease inhibitors tablet. Finally, beads were
resuspended in Laemmli sample buffer. Proteins were denatured by heating at 95 °C for 7 min and
analyzed through Western blotting.

UHRF1 auto-ubiquitination assay
HeLa cell lines stably expressing GFP-UHRF1 wild-type and GFP-UHRF1 C724A-H741A mutant proteins,
were prepared as described elsewhere [15]. HeLa cells stably expressing GFP-UHRF1 WT and GFP-UHRF1
C724A-H741A mutant proteins were transfected with either TIP60 WT or TIP60ΔMYST mutant using
jetPRIME reagent. Samples were treated with 10 µM MG-132, 8 h before harvesting the cells.
Immunoprecipitation (as described above) was performed with anti-GFP antibody to immunoprecipitate
the GFP-tagged UHRF1 protein. Samples were resolved by Western blotting.

Confocal microscopy
To study the effect of TIP60 overexpression on UHRF1 and DNMT1 levels, HeLa cells were seeded on a
cover glass and transfected with eGFP or TIP60-eGFP or TIP60ΔMYST-eGFP plasmids by using jetPEI™
reagent as described in manufacturer’s protocol. 24 h post-transfection, cells were �xed with 4%
paraformaldehyde for 10 minutes and then, permeabilized with 0.2% Triton X-100 for 20 min at room
temperature. Next, blocking was done with 1% BSA for 1 hour, before incubation with a primary antibody
against either UHRF1 or DNMT1 for 3 h at 4 °C. After washing three times with PBS, cells were incubated
with secondary antibody labeled with Alexa Fluor 568 (goat anti-mouse, A11031, Invitrogen) for 60 min at
room temperature. Next, cells were washed three times and labeled with DAPI (Hoechst stain 33258,
Molecular probes). Finally, cells were imaged with a confocal Leica TCS SPE microscope equipped with a
20 × air (0.7 NA) immersion lens objective. For DAPI, Alexa Fluor 568 and eGFP, excitation was performed
with a 405 nm laser (25 mW), 561 nm laser (10 mW) and 488 nm laser (25 mW), respectively. The
detection range for the three dyes was 430–480 nm, 570–630 nm and 500–523 nm, respectively.

To check the effect of TIP60 overexpression on the co-localization of UHRF1 and Ubiquitin, HeLa cells
were co-transfected with either eGFP and RFP-Ubiquitin or TIP60-eGFP and RFP-Ubiquitin by using



Page 6/27

jetPEI™ reagent. One group of samples was treated with MG-132 (10 µM) 8 h before cell �xation, to block
the proteasomal degradation of UHRF1. Cells were labeled with anti-UHRF1 as primary antibody and
Alexa Fluor 647-labelled goat anti-mouse, A21237 (Molecular probes) as secondary antibody. DAPI
staining was done to visualize the nucleus. All samples were imaged with a confocal Leica TCS SPE
equipped with an oil immersion objective (HXC PL APO 63×/1.40 OIL CS). For DAPI, RFP, Alexa Fluor 647
and eGFP, excitation was performed with a 405 nm laser (25 mW), 561 nm laser (10 mW), 635 nm laser
(18 mW) and 405 nm laser (25 mW), respectively. The detection range for the four dyes was 430–480 nm,
570–630 nm, 640–702 nm and 500–523 nm, respectively.

For UHRF1-USP7 association study, HeLa cells were transfected with either TIP60-eGFP or TIP60ΔMYST-
eGFP by using jetPEI™ reagent. One group of samples was treated with MG-132 (10 µM) 8 h before cell
�xation, to block the proteasomal degradation of UHRF1 and USP7. Cells were labeled with anti-UHRF1
(mouse) and anti-USP7 (rabbit) antibodies overnight at 4 °C. Then cells were incubated with secondary
antibody labeled with Alexa Fluor 568 (goat anti-rabbit, A11011, Invitrogen) for USP7 and Alexa Fluor 647
(goat anti-mouse) for UHRF1. DAPI staining was done to stain the nucleus. All samples were imaged with
a confocal Leica TCS SPE equipped with an oil immersion objective (HXC PL APO 63×/1.40 OIL CS). For
DAPI, Alexa Fluor 568, Alexa Fluor 647 and eGFP, excitation was performed with a 405 nm laser (25 mW),
561 nm laser (10 mW), 635 nm laser (18 mW) and 405 nm laser (25 mW), respectively. The detection
range for the four dyes was 430–480 nm, 570–625 nm, 644–707 nm and 500–531 nm, respectively. All
the images were processed with Image J software.

Fluorescence Lifetime Imaging Microscopy (FLIM)
HeLa cells stably expressing GFP-UHRF1 WT or GFP-UHRF1 C724A-H741A protein, were seeded (105 cells
per dish) in a µ-dish (Ibidi) with 35 mm wells. Cells were transfected with 1 µg RFP-Ubiquitin plasmid by
using jetPEI™ reagent. Cells were �xed with 4% paraformaldehyde. After �xation, cells were imaged with a
homemade two-photon excitation scanning microscope based on an Olympus IX70 inverted microscope
with an 60 × 1.2 NA water immersion objective operating in the descanned �uorescence collection mode
as described [60, 61]. Two-photon excitation at 930 nm was provided by an Insight DeepSee laser
(Spectra Physics). Fluorescence photons were collected using a short-pass �lter with a cut-off
wavelength of 680 nm (F75-680, AHF, Germany) and a band-pass �lter of 520 ± 17 nm (F37-520, AHF,
Germany). The �uorescence was directed to a �ber coupled APD (SPCM-AQR-14-FC, Perkin Elmer), which
was connected to a time-correlated single photon counting module (SPC830, Becker & Hickl, Germany).
FLIM data were analyzed using SPCImage v 7.3 (Becker & Hickel) and the Förster resonance energy
transfer (FRET) e�ciency was calculated according to E = 1- (τDA/τD), where τDA is the lifetime of the
donor (GFP) in the presence of acceptor (RFP) and τD is the lifetime of GFP in the absence of acceptor.

Apoptosis analysis
Flow cytometry was used to analyze the TIP60-induced apoptosis. HeLa cells were seeded in six well
plates. Cells were transfected with TIP60-eGFP by using jetPEI™ reagent. TIP60 transfected cells were
compared to control cells or cells treated with jetPEI™ only. Cells were collected after mild trypsinization
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and incubated with Propidium iodide (PI) and Annexin V-iFluorTM350 conjugate. Then samples were
analyzed with a Guava easyCyte™ �ow cytometer (Merck Millipore). The InCyte Software for Guava
(Merck Millipore) was used to analyze the results.

Results

TIP60 overexpression induces ubiquitination of UHRF1
We have previously shown that TIP60 overexpression downregulates UHRF1 and DNMT1 [57]. Here, we
con�rm by confocal microscopy experiments that a signi�cant decrease in UHRF1 and DNMT1
�uorescence intensity was detected in TIP60-eGFP WT transfected cells while TIP60ΔMYST-eGFP
transfection only marginally affected UHRF1 and DNMT1 �uorescence intensity (Figure S1).

In Fig. 1, HeLa cells were co-transfected with TIP60-eGFP + RFP-ubiquitin. Non-treated HeLa cells and
eGFP + RFP-ubiquitin co-transfected cells served as controls. Endogenous UHRF1 levels were detected by
using a speci�c primary antibody against UHRF1 and Alexa 647-labeled secondary antibody. TIP60,
UHRF1 and ubiquitin were well co-localized in the nucleus (Fig. 1). A clearly visible decrease in UHRF1
expression was observed in TIP60 + ubiquitin co-transfected cells as compared to adjacent non-
transfected cells in the same sample or control samples (Fig. 1A). Quanti�cation of the mean
�uorescence intensity of Alexa 647 revealed a signi�cant decrease in UHRF1 �uorescence intensity (57%)
in TIP60 + ubiquitin co-transfected cells (Fig. 1B). The decrease in �uorescence intensity was comparable
in both control or eGFP + ubiquitin transfected cells (6%) (Fig. 1B). UHRF1 expression was restored in
TIP60 + ubiquitin co-transfected cells treated with the proteasomal inhibitor MG-132 (Fig. 1C). Mean
�uorescence intensity of UHRF1 was recovered signi�cantly (Fig. 1D).

Next, we checked the effect of TIP60 overexpression on UHRF1 ubiquitination as a function of time
(Fig. 2). HeLa cells were transfected with either TIP60 WT or TIP60ΔMYST mutant. Cells were collected at
different time intervals after transfection. Immunoprecipitation was performed with anti-UHRF1 antibody.
We observed a prominent ubiquitination smear with ubiquitinated UHRF1 bands after 3 and 6 h post
TIP60 WT transfection (Fig. 2B, IP lanes 2 and 3). In contrast, no effect was observed after 12 and 24 h
post TIP60 WT transfection suggesting that UHRF1 ubiquitination is transient. In case of TIP60ΔMYST,
no ubiquitination of UHRF1 was observed up to 24 h post transfection. These results show that TIP60
overexpression induces a transient ubiquitination that did not lead to degradation of UHRF1, due to
proteasome inhibition by MG-132.

TIP60 overexpression induced auto-ubiquitination of UHRF1
The RING Finger domain of UHRF1 has E3 ligase activity through which it can either ubiquitinate itself
(autoubiquitination) [14, 15] or other proteins [16, 17]. Therefore, we have investigated whether down-
regulation of UHRF1 levels is the consequence of UHRF1 auto-ubiquitination activity or whether other E3
ligases are responsible for this. This experiment was performed using HeLa cells stably expressing either
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UHRF1 WT protein or UHRF1 C724A-H741A mutant protein having impaired RING Finger domain activity.
Cells were transfected with either TIP60 WT or TIP60ΔMYST mutant and treated with MG-132. We
observed poly-ubiquitination of UHRF1 WT when TIP60 WT was over-expressed as compared to either
controls or ΔMYST mutant samples (Fig. 3, IP lane 2). Interestingly, in the case of UHRF1 C724A-H741A,
no signi�cant ubiquitination smear and bands above UHRF1 band were observed (Fig. 3, IP lane 4,5,6).
This indicates that after TIP60 overexpression, UHRF1 is auto-ubiquitinated via its RING Finger. In
contrast, UHRF1 bearing the RING Finger domain mutation failed to be auto-ubiquitinated after TIP60
overexpression.

UHRF1 interacts with ubiquitin
We further con�rmed the interaction between UHRF1 and ubiquitin inside the cell using FRET (Förster
Resonance Energy Transfer) experiments. FRET between GFP- and RFP- labeled proteins only occurs
when they are less than 8 nm apart, a distance relative to intermolecular protein-protein interactions [60].
FRET e�ciency is deduced from the decrease in GFP �uorescence lifetime measured by Fluorescence
Lifetime Imaging Microscopy (FLIM) [61]. FLIM technique allows to derive and color code the
�uorescence lifetime (τ) of GFP at each pixel of the image (Fig. 4). In comparison to �uorescence
intensity, τ does not depend on the �uorophore concentration or instrumentation. HeLa cells expressing
either GFP-UHRF1 WT or GFP-UHRF1 C724A-H741A mutant were used for the experiments.

These cells were co-transfected with RFP-labeled ubiquitin and �xed at different times, between 6 and
24 h. The �uorescence lifetime of GFP-UHRF1 WT used as a control was 2.45 ± 0.01 ns (n = 36 cells)
(Fig. 4A a). The lifetime of GFP-UHRF1 was observed to decrease as a function of time when GFP-UHRF1
WT cells were transfected with RFP-ubiquitin (Fig. 4B). A signi�cant decrease in lifetime was observed
after 12 h of RFP-ubiquitin transfection (2.25 ± 0.02 ns, n = 26 cells) and a further decrease in lifetime was
observed after 24 h (2.00 ± 0.01 ns, 20 cells) (Fig. 4A b). Corresponding FRET e�ciency was 8.2 ± 0.8%
and 19.4 ± 0.3% after 12 and 24 h of RFP-ubiquitin transfection, respectively. Next, we checked the
interaction between RFP-labeled ubiquitin and GFP-labeled UHRF1 having a RING Finger domain
mutation, as a function of time. The lifetime of GFP-UHRF1 C724A-H741A taken as control was 2.47 ± 
0.01 ns (28 cells) (Fig. 4A c). Interestingly, we did not observe any signi�cant decrease in the lifetime of
GFP-UHRF1 C724A-H741A after RFP-ubiquitin transfection. After 24 h of RFP-ubiquitin transfection, the
lifetime was 2.42 ± 0.01 ns (18 cells) (Fig. 4A d), which corresponded to a FRET e�ciency of 2.0 ± 0.3%,
below the commonly accepted 5% threshold value for protein-protein interaction [62]. Thus, our data
suggest that mutation in the RING Finger domain of UHRF1 can impair its interaction with the ubiquitin.

Further, we decided to study the effect of inhibition of TIP60’s acetylation activity on the interaction
between UHRF1 and ubiquitin, by using the speci�c TIP60 inhibitor, NU9056. First, we studied the effect
of NU9056 at different concentrations between 1 and 100 µM after 24 h treatment and we analyzed
UHRF1-ubiquitin interaction through FLIM, using HeLa cells expressing GFP-UHRF1 WT protein. The
interaction between UHRF1 and ubiquitin could be still detected in the presence of 1, 3, and 5 µM of
NU9056 (FRET e�ciency was 12, 10, and 8.8%, respectively), but was impaired signi�cantly at 10, 30 and
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100 µM (FRET e�ciency 5.6, 4.8 and 3.6% respectively) (Figure S2). Further experiments were carried out
to investigate the effect of NU9056 on UHRF1-Ubiquitin interaction in a time dependent manner at 10 µM
and 100 µM. Under these conditions, we did not observe a signi�cant decrease in lifetime of GFP-UHRF1
at any time-intervals in the presence of TIP60 inhibitor as shown in Fig. 4A (e and f). Overall, our FLIM
data suggest that TIP60 favors UHRF1-Ubiquitin interaction while inhibition of acetyltransferase activity
of TIP60 results in impairment of this interaction.

TIP60 overexpression interferes with USP7-UHRF1
association
In order to decipher the origin of the activation of UHRF1 auto-ubiquitination, we hypothesized an
alteration of the protective role of USP7. Indeed, USP7 interacts with UHRF1 and protects it from
ubiquitin-mediated proteasomal degradation [58, 64]. To assess this hypothesis, HeLa cells were
transfected with either TIP60-eGFP or TIP60ΔMYST-eGFP mutant. Anti-UHRF1 antibody was used to
immunoprecipitate the endogenous UHRF1 and its associated partner USP7. Association between USP7
and UHRF1 was observed in the untreated sample (control) as USP7 was co-immunoprecipitated with
UHRF1 (Fig. 5D). In TIP60 overexpressed sample, USP7 was barely detected after co-precipitation with
UHRF1 (Fig. 5D, lane 2). In contrast, with TIP60ΔMYST-eGFP mutant this association was not affected
(Fig. 5D, lane 3). In a reciprocal experiment, anti-USP7 antibody was used to immunoprecipitate the
endogenous USP7. We observed that after TIP60 WT overexpression, reduced levels of endogenous
UHRF1 were co-precipitated as compared to control and TIP60ΔMYST-eGFP mutant sample (Fig. 5E,
compare lane 2 to lanes 1 and 3). Together, these results suggest that TIP60 regulates the interaction of
UHRF1 with USP7, which conditions the auto-ubiquitination activity of UHRF1.

Quantitative analysis of the input fractions (Fig. 5A)revealed a signi�cant decrease in UHRF1, USP7 and
DNMT1 levels after TIP60 WT overexpression (Fig. 5B). MG-132 treatment fully restored USP7 and
DNMT1 but only partially UHRF1 levels (Fig. 5C). To check the expression levels of USP7 and UHRF1
inside the cells after TIP60 overexpression, we performed confocal microscopy experiments. The
endogenous levels of UHRF1 and USP7 were checked in the same cells by labeling with respective
antibodies. Based on the mean �uorescence intensity of Alexa 568- and Alexa 647-labeled secondary
antibodies, USP7 and UHRF1 levels were found to decrease signi�cantly after TIP60 overexpression
(Fig. 6A, C). As compared to the control samples, �uorescence drops of 45% and 60% were observed for
USP7 and UHRF1, respectively. In contrast, overexpression of the TIP60ΔMYST-eGFP mutant only
marginally affected the �uorescence intensities of USP7 and UHRF1 (Fig. 6A, C). Thus, our data
demonstrate that TIP60 overexpression can down-regulate USP7 and UHRF1 levels simultaneously. Due
to its down-regulation, USP7 was likely unable to protect the UHRF1 degradation via proteasomal
pathway. As we observed a signi�cant decrease in USP7 levels after TIP60 overexpression, we further
checked USP7 levels after treatment with MG-132. Interestingly, expression levels of USP7 were
signi�cantly improved in TIP60 overexpressed samples after treatment with MG-132 (Fig. 6B, D).
Expression levels of UHRF1 were also improved but to a lesser extent as compared to USP7, which
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suggests that once UHRF1 is degraded through the proteasomal degradation pathway, its levels are not
restored immediately (Fig. 6B, D).

TIP60 overexpression induces activation of p73
Since our experiments indicate that TIP60 regulates UHRF1 expression by governing its auto-
ubiquitination, we next investigate the physiological or physiopathological consequences of this
regulation. Tumor suppressor protein p73 is important for genomic stability by responding to a number of
stress signals and is under the control of UHRF1 [65, 66]. The p73-mediated apoptosis leads to activation
of mitochondria dependent apoptotic pathway through transactivation of pro-apoptotic proteins (e.g.
BAX) and downregulation of pro-survival proteins (e.g. BCL2) [67, 68]. Therefore, we investigated the
effect of UHRF1 downregulation. We found that overexpression of TIP60 induces a signi�cant increase in
the expression of p73 (Fig. 7A) and BAX protein (Fig. 7B), but a decrease in the expression of anti-
apoptotic BCL2 protein (Fig. 7C). Furthermore, we observed that TIP60 overexpression induced caspase 3
activation from its precursor pro-caspase 3 (Fig. 7A), which in turn triggered the cleavage of PARP to
induce apoptosis.

In order to assess the effect of TIP60 overexpression on downstream signaling pathways of p73, we
performed �ow cytometry experiments. TIP60-eGFP transfected cells were analyzed by FACS and
compared with cells treated with the transfection vector jetPEI. Propidium iodide (PI) and Annexin-V-
iFluor™ 350 staining aided us to detect late and early phases of apoptosis. A signi�cant decrease (34%)
in cell viability was observed in TIP60- transfected cells as compared to control cells. Along with the
decrease in cell viability after TIP60 overexpression, an increase of 12% and 16% in early and late
apoptotic cells was also observed, respectively (Fig. 8A, B and C).

To con�rm the above results, we separated the total population of TIP60-eGFP transfected cells into
TIP60-eGFP positive and TIP60-eGFP negative cell populations based on the eGFP �uorescence. Average
transfection e�ciency of TIP60-eGFP was 61%, so that signi�cant populations of both types of cells
could be obtained. This separation allowed comparing apoptosis induction in TIP60-eGFP expressing
cells and nonexpressing cells, in the same sample. Viability of TIP60-eGFP expressing cells was
decreased by 39% as compared to cells not expressing TIP60-eGFP (Fig. 8D-F). In TIP60-eGFP
transfected cells, there was also a strong increase in early and late apoptotic cells (Fig. 8E, F). As UHRF1
exhibits anti-apoptotic properties [5, 65], targeting UHRF1 expression can thus activate apoptotic
pathways in cancer cells. Cumulatively, our data explain the correlation between TIP60-mediated down-
regulation of the epigenetic integrator UHRF1 and induction of apoptosis in cancer cells to maintain the
cellular and genomic integrity.

Discussion
UHRF1 and TIP60 are within the same epigenetic complex with other partners like DNMT1, USP7, HDAC1,
PCNA (proliferating cell nuclear antigen) and G9a/EHMT2 (euchromatic histone-lysine N
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methyltransferase 2) [17, 25, 27, 64, 69]. Higher expression levels of UHRF1 are reported in most cancer
types [4, 70] and related to suppression of TSGs expression, tumor invasion, poor prognosis and
resistance towards chemotherapy [4, 71, 72, 73, 74, 75]. In contrast to UHRF1, TIP60 expression is low in
cancer cells. TIP60 is thought to have a tumor suppressor role by maintaining the cellular and genomic
stability [25, 41, 45, 51, 52, 53, 54, 55, 56]. UHRF1 directly interacts with the MYST domain of TIP60 [57]
and regulates TIP60 expression and activity [25, 27]. There is thus a fragile balance between UHRF1 and
TIP60 broken in favour of UHRF1 in cancers. Thus, we believe that the role of TIP60 is to maintain UHRF1
at physiological levels in the UHRF1/DNMT1 macromolecular complex.

In the present study, we con�rmed by Western blot and confocal microscopy that TIP60 down-regulates
the UHRF1/DNMT1 tandem. Interestingly, the ΔMYST mutant (lacking acetyltransferase activity) was
unable to impact the expression of both proteins, indicating that the acetyltransferase activity of TIP60 is
required for down-regulating both proteins. We suggest that TIP60 drives the degradation of UHRF1 and
consequently DNMT1, considering that this latter has been shown to be under the control of UHRF1 [76].
A direct control of TIP60 on DNMT1, in an USP7-dependent way, may also occur [17].

Ubiquitination is a post-translational modi�cation which adds single or multiple ubiquitin molecules to
proteins marking them for proteasomal degradation, cellular tra�cking, autophagy, DNA repair, receptor
internalization or regulation of enzymatic activity [77, 78]. USP7 is a deubiquitinating enzyme which
protects many proteins from ubiquitination including p53, UHRF1, PTEN, MDM2 and Myc. Its expression
levels are high in many cancers. Dysregulation in ubiquitylation/deubiquitylation can play a critical role in
several diseases including cancer [77]. USP7 interacts with UHRF1 and protects it from degradation [58,
79] while during the M phase, UHRF1 is degraded as a result of its dissociation from USP7 [64]. Zhang et
al reported that TIP60 acetylates UHRF1 at K659, which decreases the interaction of USP7-UHRF1 [58].
Our data showed that overexpression of TIP60 but not of its ΔMYST mutant interfered with the
association and expression levels of USP7 and UHRF1. Dissociation of USP7 with UHRF1 likely
condemns this latter becoming a prey for E3 ligases that have been reported to ubiquitinate UHRF1 [80,
81] or belong to the UHRF1 complex [15].

In the present study, we observed ubiquitination of UHRF1 after TIP60 overexpression which is likely a
consequence of TIP60-mediated UHRF1-USP7 dissociation, as it has been reported for DNMT1 [17, 82].
Due to this dissociation, USP7 is no more able to protect UHRF1 from degradation through the
proteasomal pathway. This hypothesis was con�rmed by use of MG-132 that helped recovering initial
UHRF1 levels. The RING domain of UHRF1 has E3 ligase activity through which it can either ubiquitinate
itself or other proteins [16, 17]. Here we show that TIP60 overexpression controls auto-ubiquitination of
UHRF1, but not of UHRF1 C724A-H741A mutant having impaired RING domain activity. Our data further
indicated that the interaction between UHRF1 and ubiquitin occurred in a time dependent manner and
that UHRF1 mutant, having impaired E3 ligase activity, was not able to interact with ubiquitin. We also
found that TIP60 favor the UHRF1/ubiquitin interaction while inhibition of its acetyltransferase activity
impairs this interaction. Subsequently, UHRF1 is degraded via the proteasome as a treatment with MG132
is able to recover initial UHRF1 levels.
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A down-regulation of UHRF1 induces a recovering of numerous tumor suppressor genes including RB1,
p16INK4A (CDKN2A), CDH13, SOCS3, BRCA1, CDX2, RUNX3, FOXO4, PPGARG, PML and p73 [4, 24]. We
focused on p73 as it is known that TIP60 positively regulates apoptosis [41] and that UHRF1 positively
regulates p73 [66]. We found that TIP60 overexpression induced enhanced p73 expression. Therefore, we
suggest that TIP60 mediated apoptosis is acting via an up-regulation of p73. However, we do not exclude
that p73 is involved up-stream of TIP60 since it has been previously observed that p73 is also negatively
regulating UHRF1 [83, 54]. Furthermore, in agreement with our study, it has been observed that p73
mediated apoptosis involves a caspase-dependent pathway [83].

Conclusions
In summary, we propose a model (Fig. 9) depicting the tumor suppressor role of TIP60. TIP60 up-
regulation induced apoptosis by activation of p73 mediated downstream signaling pathway. TIP60
overexpression led to decrease BCL2 and increase BAX expression which activated Caspase-3. Caspase-3
activated the cleavage of PARP and induced apoptosis. Overall, our observations support a TSG role of
TIP60 through the regulation of the auto-ubiquitination activity of UHRF1. This interplay directly governs
the expression of TSGs, such as p73, explaining why TIP60 plays a role in apoptosis and cell cycle
regulation.
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Figure 1

TIP60 and ubiquitin co-transfection induces down-regulation of UHRF1. Cells were co-transfected with
either TIP60-eGFP (green) and RFP-Ubiquitin (red) or eGFP and RFP-Ubiquitin. Immunostaining of UHRF1
in HeLa cells without (A) or with treatment by MG-132 (C). Cells were �xed after transfection and labeled
with anti-UHRF1 antibody. Endogenous UHRF1 protein was labeled with Alexa 647-labeled secondary
antibody before visualization in confocal microscopy. White arrows indicate the TIP60-eGFP transfected
cells and white bar indicates size of 10 µm. B and D represent mean �uorescence intensities levels of
UHRF1 in the different samples. Values are means ± S. E. M. for three independent experiments;
statistically signi�cant: * p < 0.05; *** p < 0.001 (versus control group).
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Figure 2

TIP60 induces UHRF1 ubiquitination in HeLa cells. Cells were co-transfected with either TIP60-eGFP WT
or TIP60ΔMYST-eGFP mutant. All samples were treated with 10 µM of MG-132 for 8 h before harvesting
the cells (In case of 3 and 6 h sample, MG-132 was added 5 and 2 h before transfection, respectively).
Cells were collected 3, 6, 12 and 24 h post TIP60 transfection and 24 h in case of TIP60ΔMYST mutant.
IP was performed with anti-UHRF1 antibody. Inputs and IP samples were analyzed by SDS-PAGE and then
immunoblotted with anti-UHRF1 and anti-Ubiquitin antibodies. Stars indicate ubiquitinated UHRF1 bands.

Figure 3
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TIP60 induces auto-ubiquitination of UHRF1 in HeLa cells. Cells stably expressing either UHRF1 WT or
UHRF1 C724A-H741A mutant were transfected with either TIP60-His WT or TIP60ΔMYST-His mutant. All
samples were treated with 10 µM of MG-132, 8 h before harvesting the cells. Whole cell lysates and
immunoprecipitated samples were analyzed by SDS-PAGE and then immunoblotted with anti-GFP and
anti-Ubiquitin antibodies.

Figure 4

Interaction of UHRF1 and Ubiquitin, as determined by FRET-FLIM. (A) Representative 30 µm x 30 µm FLIM
images of HeLa cells stably expressing GFP-UHRF1 WT (a) and co-transfected with RFP-ubiquitin (b),
HeLa cells stably expressing GFP-UHRF1 C724A-H741A (c) and co-transfected with RFP-ubiquitin (d). The
lifetime values are shown by a color code ranging from red (1.8 ns) to blue (2.5 ns). White bar indicates
size of 10 µm. In comparison to cells expressing only GFP-UHRF1 WT (a), a strong decrease in GFP
lifetime and thus, a strong FRET e�ciency was observed when HeLa cells were transfected with RFP-
ubiquitin (b). In contrast, no signi�cant difference in lifetime or FRET e�ciency was observed when HeLa
cells expressing GFP-UHRF1 C724A-H741A were transfected with RFP-ubiquitin (compare d with c). No
signi�cant difference in lifetime or FRET e�ciency was observed in HeLa cells expressing GFP-UHRF1
WT in the presence of the TIP60 inhibitor NU9056 10 µM (e) or 100 µM (f). FLIM data indicate that UHRF1
interacts with ubiquitin while this interaction is impaired in case of UHRF1 having a RING Finger domain
mutation. (B) Change in GFP lifetime as a function of time. Values are means ± S.E.M. from 2
independent experiments. The �uorescence lifetimes of GFP-UHRF1 WT (without and with TIP60 inhibitor
NU9056 10 µM, 100 µM) or GFP-UHRF1 C724A-H741A were measured at different times after
transfection with RFP-Ubiquitin.
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Figure 5

TIP60 interferes with UHRF1-USP7 association and their expression levels. HeLa cells were transfected
with either TIP60-eGFP WT or TIP60ΔMYST-eGFP mutant. Western blot and immunoprecipitated samples
were resolved by SDS-PAGE and immunoblotted with anti-UHRF1, anti-USP7 and anti-DNMT1 antibodies.
(B and C) show the effect of TIP60 on UHRF1, USP7 and DNMT1 levels with or without MG-132
treatment, respectively. Results indicated are from �ve independent experiments which are analyzed
statistically by one-way ANOVA (* p < 0.05; ** p < 0.01; *** p < 0.001 versus control group). (D) Anti-
UHRF1 antibody was used to co-immunoprecipitate UHRF1 and its partner USP7. (E) In reciprocal
experiment, anti-USP7 antibody was used to co-immunoprecipitate USP7 and UHRF1.
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Figure 6

TIP60 down-regulates UHRF1 and USP7 levels in HeLa cells. Cells were either not treated with MG-132 or
(A) or treated with MG-132 10 µM for 8 hours (B). Cells were immunostained with anti-USP7 or anti-
UHRF1 antibodies. TIP60-eGFP wild type (WT) or TIP60ΔMYST-eGFP mutant was transiently
overexpressed and their effects were compared with non-transfected control cells. Cells were �xed after
transfection and tagged by anti-USP7 and anti-UHRF1 antibodies. Alexa 568 and Alexa 647-labeled
secondary antibodies were used as indicated in the �gure to visualize the corresponding proteins by
confocal microscopy. White bar indicates size of 10 µm. (C and D) show the mean �uorescence
intensities representing the levels of USP7 and UHRF1 before and after MG-132 treatment, respectively.
Values are means ± S. E. M. for three independent experiments; statistically signi�cant: * p < 0.05; ** p <
0.01; *** p < 0.001 (versus control group).
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Figure 7

Effect of TIP60 overexpression on p73, and pro- and anti-apoptotic proteins. (A) p73 and Caspase 3 (B)
BAX, (C) BCL2 and PARP levels were analyzed by Western blot after TIP60 overexpression in HeLa cells.
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Figure 8

TIP60 overexpression induces apoptosis in cancer cells. (A) FACS analysis examining Annexin V-iFluor™
350 and PI labeling in control HeLa cells (treated with jetPEI in identical manner) and (B) cells transfected
with TIP60-eGFP for 24 hr. (D and E) FACS analysis examining Annexin V-iFluor™ 350 and PI labeling in
TIP60-eGFP negative cells to TIP60-eGFP positive cells in TIP60-eGFP transfected samples. (C and F)
Graph represents average values from three independent experiments which were statistically analyzed
by Student’s t-test (* P < 0.05; ** P < 0.01; *** P < 0.001).



Page 27/27

Figure 9

Schematic model of TIP60-mediated apoptosis in cancer cells. Association of UHRF1 with USP7 protects
UHRF1 protein from proteasomal degradation. TIP60 overexpression disrupts the tandem UHRF1-USP7
which leads UHRF1 to commit suicide via auto-ubiquitination.
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