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The acetyltransferase Tip60 contributes to mammary
tumorigenesis by modulating DNA repair

C Bassi1,2,3, Y-T Li1,3, K Khu1, F Mateo4, PS Baniasadi1,3, A Elia1,3, J Mason5, V Stambolic2,3, MA Pujana6, TW Mak1,2,3 and C Gorrini*,1,3

The acetyltransferase Tip60/Kat5 acetylates both histone and non-histone proteins, and is involved in a variety of biological
processes. By acetylating p53, Tip60 controls p53-dependent transcriptional activity and so is implicated as a tumor suppressor.
However, many breast cancers with low Tip60 also show p53 mutation, implying that Tip60 has a tumor suppressor function
independent of its acetylation of p53. Here, we show in a p53-null mouse model of sporadic invasive breast adenocarcinoma that
heterozygosity for Tip60 deletion promotes mammary tumorigenesis. Low Tip60 reduces DNA repair in normal and tumor
mammary epithelial cells, both under resting conditions and following genotoxic stress. We demonstrate that Tip60 controls
homologous recombination (HR)-directed DNA repair, and that Tip60 levels correlate inversely with a gene expression signature
associated with defective HR-directed DNA repair. In human breast cancer data sets, Tip60 mRNA is downregulated, with low Tip60
levels correlating with p53 mutations in basal-like breast cancers. Our findings indicate that Tip60 is a novel breast tumor
suppressor gene whose loss results in genomic instability leading to cancer formation.
Cell Death and Differentiation (2016) 23, 1198–1208; doi:10.1038/cdd.2015.173; published online 26 February 2016

The acetyltransferase Tip60 (Kat5) acetylates histone and non-
histone proteins, and is involved in diverse biological pro-
cesses, including apoptosis, cell cycle, and DNA damage
responses (DDR).1 Tip60 acetylates histones H4 and H2A,1 as
well as the non-histone proteins p53,2,3 c-Myc,4 and androgen
receptor.5 Because of its pleiotropic functions, Tip60’s role in
cancer suppression is complex. Tip60 is a haplo-insufficient
tumor suppressor in a mouse lymphoma model,6 and Tip60
heterezygosity promotes tumorigenesis in a chemically-
induced mouse colon cancer model.7 In melanoma patients,
low Tip60 levels correlate with poor survival and increased
metastasis.8 In human breast cancers, decreased Tip60
correlates with accelerated tumor cell proliferation and
increased tumor grade.6 Interestingly, abnormal Tip60 protein
levels coincide with p53 mutations in these malignancies.
Because Tip60 is required for p53 activation,3,9,10 one might
expect that Tip60 downregulation alone would impair the p53
pathway in tumor cells. However, the inactivation of both Tip60
and p53 is required for breast cancer progression, implying that
Tip60 has another function in tumor suppression that is p53
independent.
Tip60 is involved in DDR at various levels, including in signal

transduction following DDR induction and during DNA repair.1

Tip60 acetylates and activates the ataxia telangiectasia

mutant (ATM) kinase that senses DNA damage,11,12 and also
acetylates the γ-phosphorylated form of the H2AX histone
(γH2AX) that accumulates in response to DNA damage.13

Tip60-mediated γH2AX acetylation is also required for γH2AX
ubiquitination that releases γH2AX from DNA breakage
sites.13 In addition, Tip60 influences the balance between
BRCA1 and 53BP1 at sites of DNA damage and regulates the
choice of DNA repair mechanism.14 As DDR constitutes a
barrier to tumorigenesis,15–17 any alterations to Tip60’s effects
on DDR may affect cancer development. Here, we use a
mouse model of human breast cancer driven by mammary-
specific p53 inactivation to investigate Tip60-mediated tumor
suppression.

Results

Heterozygous Tip60 deletion cooperates with p53
deletion to promote mouse mammary tumorigenesis.
Human and mouse studies have demonstrated functional
cooperation between Tip60 and p53. By acetylating human
p53 at lysine-120 (K120) within the DNA-binding domain,
Tip60 redirects p53 transcriptional activity toward apoptotic
genes.3 In mutant mice in which p53 K117 (equivalent to
human K120) is replaced by arginine, p53-mediated
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apoptosis is abrogated but p53-dependent cell-cycle arrest
and senescence remain intact.18

To investigate combinatorial effects of Tip60 and p53
mutations on tumor suppression in breast cancer, we
crossed mice heterozygous for Tip60 deletion (Tip60+/− ) with
mice bearing a mammary gland-specific conditional p53
knockout mutation (K14cre;p53f/f; KP) to generate K14cre;
p53f/f;Tip60+/− (KPT) progeny. K14cre-controlled recombina-
tion drives p53 deletion in the mammary epithelium and in
other K14-expressing tissues such as skin and salivary
glands.19 Female KP mice develop intermediate- to high-
grade invasive ductal mammary carcinomas that resemble

human estrogen receptor (ER)-negative and basal-like breast
cancers.Wemonitored virgin nulliparous KPand KPT females
for mammary tumor formation over 400 days. Although both
groups developed single mammary tumors, KPT mice did so
at higher frequency and with shorter latency than KP mice
(Figure 1a). Histopathology showed that tumors arising in KP
and KPT mice were high-grade mammary adenocarcinomas
as determined by the Nottingham histologic scoring system
(Figure 1b, Supplementary Figure S1a). Most of these
malignancies were poorly differentiated and ER negative
and progesterone receptor (PR) negative, contained spindle-
shaped neoplastic cells, and exhibited cribriform and solid
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Figure 1 Heterozygosity for Tip60 deletion accelerates mammary tumorigenesis in a p53-null background. (a) Kaplan–Meier survival curves of KP and KPT mice (n= 15/
group). *Po0.05. Mean tumor latency is 35.5 weeks for KP mice and 28 weeks for KPT mice. (b) Hematoxylin-eosin (H&E) stained sections of high-grade mammary carcinomas
from a KP and a KPT mouse from (a). Scale bars, 50 μm. Results are representative of 10 tumors examined/group. (c) PCR analysis to detect the WTand mutated (mut) Tip60
alleles in genomic DNA extracted from KP (n= 2) and KPT (n= 8) tumors. Results are representative of 3 trials involving a total of 10 KP and 10 KPT tumors. (d) Quantitation of
RT-PCR analysis of relative Tip60 mRNA levels in KP (n= 10) and KPT (n= 10) tumors. Data are the mean±S.E.M. normalized to mouse rsp9 RNA and are representative of
three trials. **Po0.01. (e) Immunoblot to detect the α and β Tip60 isoforms in KPT (n= 7) and KP (n= 3) tumors. Actin, loading control. Numbers between the blots are image
densitometric values of the Tip60 isoform bands above. Results are representative of three trials. (f) Quantitation of densitometric values as reported in (e). Data are the
mean±S.E.M. (g) Immunostaining to detect Tip60 protein in normal WT virgin female mouse mammary gland and mammary tumors from KP and KPT mice, as indicated. Scale
bars, 50 μm. Images are representative of five glands and five tumors per group
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morphology (Supplementary Figure S1b and c). However,
only cells in KPT tumors had abnormal nuclear morphology
(Figure 1b, Supplementary Figure S1a), which is as-
sociated with higher tumor grade, aggression, and genetic
instability.20,21

We next investigated the Tip60 gene in KP and KPT tumors
using qualitative PCR. Both the WTand mutant Tip60 alleles
were present in KPT tumor DNA (Figure 1c), indicating that
there was no loss-of-heterozygosity of Tip60. Subsequent
mRNA analysis confirmed that Tip60 mRNA was reduced by
50% in KPT versus KP tumors (Figure 1d). Immunoblotting
revealed variable levels of the 60 kDa Tip60 β isoform and the
50-kDa α splice variant22 in KP and KPT tumors (Figure 1e).
These Tip60 isoforms are differentially expressed in skin
cancers and cardiomyocytes, but their specific functions
remain unknown.23,24 Quantitative image densitometry con-
firmed that both Tip60 isoformswere decreased in KPT tumors
(Figure 1f). Histological analysis demonstrated that Tip60 was
expressed in the nucleus and cytoplasm of myoepithelial and
luminal cells within normal WT mammary gland, a pattern
holding for KP tumor cells (Figure 1g). However, themajority of
KPT tumor cells showed negligible Tip60 staining in the
nucleus and slightly positive staining in the cytoplasm
(Figure 1g). Both KP and KPT tumors showed extremely low
p53 mRNA (Supplementary Figure S1d). These data indicate
that Tip60 is a haplo-insufficient tumor suppressor whose loss
cooperates with p53 inactivation to promote murine mammary
tumorigenesis.

Tip60 regulates DNA repair in normal and tumor
mammary epithelial cells. Tip60 has been implicated in
DNA repair12,14 and oncogene-induced DDR.6 Because DDR
deregulation contributes to genomic instability leading to
tumor formation,15–17 we examined the role of Tip60 in DDR
in normal and tumor mammary epithelial cells (MEC).
First, we transfected immortalized mouse MEC (COMMA-1D

cells, termed COMMA) with scrambled (scr; control) siRNA
oligomers or siRNA oligomers directed against mouse Tip60
(siTip60). siTip60-transfected cells showed a 50% reduction in
Tip60 mRNA and protein (Figure 2a and b), reflecting the
maximum Tip60 decrease tolerated by a cell since complete
Tip60 downregulation is lethal in vivo and in vitro.6 We
subjected COMMA cells to γ-irradiation (IR, 5 Gy) and
assessed responses to IR-induced DNA damage at 1, 8, or
24 h post IR by immunofluorescence staining to detect γH2AX.
Although IR exposure induced γH2AX+ nuclear focus forma-
tion in both scr- and siTip60-expressing COMMA cultures
within 1 h post IR, quantitation confirmed a greater number of
γH2AX+ cells in Tip60-silenced cultures than in controls at 8
and 24 h (Figure 2c, Supplementary Figure S2). Because
excessive γH2AX+ foci indicate unrepaired DNA,25 we
immunostained scr- and siTip60-expressing COMMA cells to
detect the DNA repair factors BRCA1 and Rad51. Before IR,
only very low levels of BRCA1 and Rad51 were present in scr-
and siTip60-expressing cells (Figure 2d and e, Supplementary
Figure S2). After IR, scr-expressing cells accumulated many
BRCA1+Rad51+ nuclear foci, whereas Tip60-silenced cul-
tures had fewer cells with such foci (Figure 2d and e,
Supplementary Figure S2). Thus, loss of Tip60 decreases
DNA repair capacity following genotoxic stress.

IR causes DNA double-strand breaks (DSBs) that are
resolved mainly by homologous recombination (HR)-directed
DNA repair.26 The failure of IR-exposed Tip60-silenced cells to
form numerous BRCA1+Rad51+ foci indicated a defect in this
mechanism. We manipulated COMMA cells to stably express
the DR-GFP reporter plasmid containing two differently
mutated green fluorescent protein (GFP) genes oriented as
direct repeats (DR).27 We exposed scr- and siTip60-
expressing COMMA cells also expressing DR-GFP to IR to
examine the efficiency of HR-directed DNA repair. Like BRCA1
depletion, Tip60 silencing decreased HR-directed DNA repair
(Figure 2f). siTip60-expressing COMMA cells also showed
heightened Rad51 accumulation at 24 h and increased γH2AX
indicative of unrepaired DSBs (Supplementary Figure S2).
Because DDR and DNA repair must be coordinated to

suppress tumorigenesis, we investigated links between Tip60
andDNA damage inmouse tumorMEC.We employed two cell
lines previously established from mouse primary mammary
tumors isolated from MMTV-PyMT or WAPcre;PTENf/f

mice.28,29 We infected both tumor cell lines with lentiviral-
based shRNAs against mouse Tip60 (shTip60) or GFP
(shGFP). Compared with shGFP-infected controls, both lines
of shTip60-infected tumor cells exhibited reduced Tip60
mRNA (Figure 2g, Supplementary Figure S3a) and elevated
γH2AX (Figure 2h, Supplementary Figure S3b). Like COMMA
cells, shTip60-infected tumor cells showed defective HR
following IR (Figure 2i).
Because Tip60 is required for ATM activation controlling

DDR signaling,11,30 we examined ATM status in siTip60-
expressing COMMA cells and shTip60-expressing WAPcre;
PTENf/f tumor cells. The low Tip60 levels in these cells did not
affect IR-induced ATM activation or p53 phosphorylation
(Supplementary Figure S3c and d), or mdm2 mRNA and
protein levels (Supplementary Figure S3e and f), suggesting
that Tip60 does not influenceATMor p53 stability. Thus, in both
normal and transformed MEC, Tip60 regulates HR-directed
DNA repair rather than DNA damage-induced ATM activation.

Tip60 influences tumor cell sensitivity to cisplatin-
induced DNA damage. Malignant cells with defective DDR
are particularly sensitive to chemotherapy-induced genotoxic
stress. Human breast cancers are often treated with cisplatin,
whose platinum atom bonds covalently to purine residues in
DNA and creates cisplatin-DNA adducts.31 The resolution
and excision of these adducts causes DSB that kill the tumor
cell unless they are fixed by HR-directed repair.32

Because Tip60 was important for HR-directed repair in
MEC, we evaluated the sensitivity of Tip60-silenced cells to
cisplatin-induced DNA damage.We transfected COMMA cells
with scr or siTip60 siRNAs and treated them 48 h later with
5 μM cisplatin. Like IR, cisplatin caused these Tip60-silenced
normal MEC to accumulate γH2AX (Figure 3a) but did not
increase their apoptosis (Figure 3b). Indeed, siTip60 provided
cells with modest protection against cisplatin-induced death,
as confirmed by their lack of cleaved PARP (Figure 3c). Thus,
Tip60 depletion allows normal MEC to resist cisplatin-induced
death, regardless of DNA damage.
We then investigated the role of Tip60 in responses to

cisplatin by tumor MEC. We treated shGFP- or shTip60-
expressing WAPcre;PTENf/f tumor cells with cisplatin
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and analyzed apoptosis 24 h later. Once again, shTip60-
expressing cultures contained surprisingly few apoptotic cells
compared with shGFP cultures (Figure 3d) and showed an
abnormal cell-cycle profile (Supplementary Figure S4). Flow

cytometry revealed that shTip60-expressing tumor cells did
not accumulate in G1/S-like control cells and instead entered
S phase. Thus, Tip60-silenced tumor cells are resistant to
cisplatin despite their increase in unrepaired DNA.
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Because cisplatin-induced DNA damage triggers
p53-dependent apoptosis,33 and Tip60 regulates p53 activa-
tion, we investigated the p53 targets p21/Cdkn1a and puma/
bbc3 in cisplatin-treated shGFP- or shTip60-expressing
WAPcre;PTENf/f tumor cells. The latter contained marginally
less p21 mRNA but significantly less puma mRNA than
cisplatin-treated shGFP cells (Figure 3d). Thus, Tip60 is
required for p53-dependent expression of PUMA, which
regulates p53-dependent apoptosis following genotoxic
insults.3 These data indicate that Tip60 is involved in both
DNA damage repair and DNA damage-induced cell death.

Tip60 expression correlates with the ‘HR defect’ gene
signature. To further link downregulated Tip60 to genomic
instability in MEC, we examined a gene expression profile
associated with defective HR-directed repair.34 Peng et al.34

infected MCF10A human MEC with lentiviral shRNAs against
BRCA1, RAD51 or BRIT1, which regulate HR-directed repair
at different steps. Analysis of microarray profiles of these
cells generated an ‘HR defect’ (HRD) gene signature that was
validated in human cancer cell lines carrying known muta-
tions in HR genes. We performed a gene set expression
analysis (GSEA) of the Peng data34 to determine whether

Tip60 mRNA levels correlated with the HDR signature in
human breast cancers. We found that Tip60 expression
correlated negatively with the HRD signature (Figure 4a),
suggesting that normal Tip60 expression is required for
functional HR-directed repair.
Our GSEA also identified eight genes that are down-

regulated in the HRD signature and whose abnormal
expression patterns correlate strongly with Tip60 downregula-
tion (Figure 4a). These genes are involved in: the mitotic
spindle checkpoint (ASPM); nucleotide metabolism,35 mis-
match repair and recombination (EXO1); assembly of small
nuclear ribonucleoproteins (Gemin6); cell survival (HSPE1);
cytokinesis (KIF14); cell-cycle progression (MTBP); coen-
zyme Q biosynthesis (PDSS1); DNA replication (POLQ); and
telomere integrity (TERF1). We then validated these correla-
tions in 10 mammary tumors from mouse tumor models
available in the laboratory, including MMTV-PyMT mice or
MMTV-Neu mice. Tumors were ranked according to their
Tip60 mRNA levels, and expression levels of HDR-associated
genes were compared between the top and bottom tertiles
(Figure 4b, Supplementary Figure S5). This analysis con-
firmed that the mRNA levels of the eight HDR genes
correlated positively with Tip60 mRNA levels, reaching
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statistical significance in most cases (Figure 4c). Thus,
elevated Tip60 mRNA is an indicator of competent
HR-directed DNA repair in MEC. Conversely, tumor cells with
low Tip60 expression may be more prone to accumulating
unrepaired DNA damage and developing genomic instability.

Tip60 gene expression is downregulated in human breast
cancers. To investigate the status of Tip60 in human breast
cancers, we examined the publicly available Perou and
Richardson databases.36,37 Tip60 was indeed downregulated
in most breast cancer samples regardless of subtype
(Table 1). The use of a publicly available Kaplan–Meier
plotting tool38 showed that patients with basal-like, luminal A
or luminal B breast cancers exhibiting with low Tip60 levels
tended to have shorter disease-free survival (Figure 5a
and d). Breast tumors of the Her2+ subtype showed a similar
trend but failed to reach statistical significance due to their
relatively small number.
A similar analysis of data in The Cancer Genome Atlas

(TCGA) confirmed that Tip60 expression was low in a
significant proportion of human breast cancers (Figure 5e).
Tumors expressing the lowest Tip60 levels were mainly of the
basal-like subtype (Figure 5f), were associated with poor
recurrence-free survival (Figure 5g), and were likely to have
p53 mutations (Figure 5h). This latter correlation was
particularly significant in basal-like breast cancers, with a

similar trend for Her2+ malignancies. Analysis of data from a
different breast cancer study39 further corroborated the
association between low Tip60 and p53 mutation (Figure 5i).
These human data bolster our mouse findings and support

our contention that heterozygous Tip60 deletion contributes to
mammary tumorigenesis in KPT mice.

Tip60 expression correlates with genomic rearrange-
ments in mouse and human breast cancers. Because
defects in DNA repair are associated with genomic
instability,40 we investigated the correlation between Tip60
level and genomic integrity in mouse and human breast
tumors. First, we performed comparative genomic hybridiza-
tion (CGH) of KP and KPT mammary tumors. As expected,
KP tumors showed increased genomic rearrangements
compared with diploid reference control tissue (Figure 6a).
Interestingly, KPT tumors did not show any increase in
instability compared with KP tumors (Figure 6a). However, a
deep analysis of CGH profiles revealed a pattern of genomic
rearrangements that was specific to KPT tumors (Supple-
mentary Figure S6). Thus, the effects of Tip60 heterozygosity
on DNA repair favor the occurrence of particular genomic
changes.
We next analyzed copy number alterations (CNA) in the

TCGA data set of human breast cancers. We confirmed a
strong correlation between genomic instability and not only
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p53 status (Figure 6b) but also Tip60 expression (Figure 6c).
When we examined only breast tumors carrying WT p53, a
strong correlation persisted between Tip60 levels and CNA.
This difference between mouse and human tumors may exist
because, in the mouse model, the complete ablation of p53
may induce such severe genomic instability that any additional
effect due to low Tip60 expression is masked. Overall,
our mouse and human data show that Tip60 down-
regulation accelerates tumorigenesis by favoring genomic
rearrangements.

Discussion

In healthy tissues, cellular responses to DNA damage are
tightly controlled to avoid the accumulation of unrepaired
lesions that can lead to genemutations. The acetyltransferase
Tip60 has been implicated in DDR at various levels: (i) Tip60
acetylates and activates ATM, which is a key transducer of
DNA damage signaling;11 (ii) Tip60-mediated acetylation of
γH2AX promotes dynamic changes to chromatin that are
important for the correct assembly of DNA repair factor
complexes;13 and (iii) Tip60 controls the localization on
chromatin of factors involved in HR-directed DNA repair, such
as BRCA1 and 53BP1.14 On the basis of these observations,
we postulated that Tip60 downregulation might contribute to
tumorigenesis by decreasing the fidelity of DNA repair, thereby
promoting genomic instability which often drives cancerous
transformation. If such genomic rearrangements in pre-
cancerous cells activate certain crucial genes, then these
cells may acquire a selective growth advantage and become
aggressive cancers.
Our study showed that Tip60 regulates the capacity of both

normal and tumor MEC to mount efficient DDR under both
basal conditions and following genotoxic stress induced by IR
or cisplatin. Even under basal conditions, persistent shRNA-
mediated Tip60 downregulation induced an increase in
γH2AX, an indicator of unrepaired DNA damage. Our
DR-GFP reporter assay showed that Tip60-silenced cells
have a defect in HR-directed DNA repair. When we exposed
cells expressing low Tip60 to IR, they did not form DNA
damage-associated foci containing BRCA1 and Rad51 and
instead accumulated γH2AX. Tip60 levels also correlated
inversely with the HRD gene signature associated with
defective HR-directed repair. Interestingly, low Tip60 did not
affect DNA damage-induced ATM activation. We conclude
that Tip60 is an orchestrator of HR-directed DNA repair that
coordinates DNA repair factor foci formation. This function is
crucial for the maintenance of genomic integrity, and its
malfunction can contribute to cancer-associated genomic
instability. Our analysis of mouse tumor tissues and cells
showed that low Tip60 causes γH2AX accumulation and

morphological changes to the nucleus, both of which are
linked to tumor aggressiveness and genomic instability.
Indeed, we found that Tip60 downregulation favors genomic
rearrangements both in human and in mouse tumors.
Our work also addresses the relationship between Tip60

and p53. Examination of the TCGA breast cancer data set
showed that tumorswith lowTip60mRNAhave p53mutations.
Numerous studies have shown that Tip60 is an important
co-factor for p53 transcriptional activation. It would be logical
to assume that Tip60 downregulation would be sufficient to
reduce p53 activity and therefore relieve the cell from the
pressure to mutate p53 itself. However, we have previously
shown that Tip60 heterozygosity neither altered the p53
transcriptional signature in Myc-induced lymphomas nor
prevented the p53-dependent embryonic lethality of mdm2
knockout mice.6 The present study has demonstrated in vivo
cooperation between Tip60 heterozygosity and p53 deletion in
mice, and suggests that some of Tip60’s tumor-suppressive
functions are p53 independent. Indeed, the correlation we
established between Tip60 levels and genomic alterations is
independent of p53 status. That being said, how Tip60
expression is modulated during tumorigenesis is still unclear.
Multiple cancer-associated pathways have been shown to
affect Tip60 expression, stability and function, including
acetylation/deacetylation by Sirt1 and HDAC3,41 USP7-
mediated deubiquitination,42 and phosphorylation by Abl
kinase.43 These issues remain to be clarified.
Our work has important clinical implications. Three studies

have recently explored Tip60 as a therapeutic target and
proposed the use of Tip60 inhibitors to treat various
cancers.44–46 However, our in vivo mouse results suggest
that caution is warranted because any inhibition of Tip60
strong enough to be effective might impair both DNA damage-
induced apoptosis and DNA repair, inadvertently promoting
cancer cell survival and increasing genomic instability.
In conclusion, our study supports a scenario where the

tumor-associated downregulation of Tip60 expression or
activity reduces the capacity of the cell to repair DNA damage,
leading to an unstable genome and favoring the acquisition of
specific mutations that drive tumor progression. This effect is
at least partially independent of p53 mutation, making Tip60
an important novel tumor suppressor in its own right.

Materials and Methods
Mice. Heterozygous Tip60-deficient (Tip60+/− ) mice were kindly provided by B
Amati (Italian Institute of Technology, Milan, Italy) and J Lough (Medical College of
Wisconsin, Milwaukee, WI, USA) and were of a mixed 129 × B6 genetic
background.6 For mammary tumorigenesis studies, Tip60+/− mice were back-
crossed for 10 generations onto the FVB background. We used Tip60+/− mice for
this cross because total ablation of the mouse Tip60 gene is embryonic lethal,6,47

and a recently reported Tip60 conditional knockout mouse48 was not available at the

Table 1 Downregulation of Tip60 mRNA expression in all subtypes of human breast cancers as listed in two data sets

Perou2 data set Richardson data set

All breast cancers Basal HER2+/ER− Luminal A Luminal B All breast cancers Basal Non-basal

% Up % Down Ratio % Up % Down Ratio % Up % Down Ratio % Up % Down Ratio % Up % Down Ratio % Up % Down Ratio % Up % Down Ratio % Up % Down Ratio

0 2 − 0 2 −1.3 0 4 − 1.5 0 2 − 3 5 − 0 63 − 1.6 0 70 − 1.7 0 55 − 1.5
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time of this study. Cytokeratin 14-cre transgenic (K14cre) and p53 conditional
knockout mice (p53f/f) were kindly provided by A Berns (Netherlands Cancer
Institute, Amsterdam, The Netherlands). Primary tumor samples from MMTV-Neu
and MMTV-PyMT mice were kindly provided by V Stambolic and P Dutt (Ontario
Cancer Institute, Toronto, Canada). Tumor-bearing mice were monitored twice a
week and killed when they reached the humane end point (tumor diameter of 1cm).
All mice were maintained and handled according to protocols approved by the
Animal Care and Use Committee of the University Health Network, Toronto,
Canada.

Cell lines. COMMA-1D (COMMA) cells were obtained from S Muthuswamy
(Ontario Cancer Institute, Toronto, Canada). Cells from primary mammary tumors
originating in MMTV-PyMT and WAPcre;PTENf/f mice were isolated as
described.28,29 All mouse mammary cell lines were maintained in DMEM/F12
medium containing 10% FBS, L-glutamine, 1 μg/ml hydrocortisone (Sigma), 5 μg/ml
insulin (Sigma, Oakville, ON, Canada), and 5 ng/ml epidermal growth factor
(Sigma). For cisplatin treatments, COMMA and WAPcre;PTENf/f cells were seeded
at 70% confluence and treated with 2, 5, or 10 μM cisplatin for 24 h. For DDR
analysis, COMMA cells were irradiated at 5 Gy and stained 1, 8, or 24 h later to
detect BRCA1, Rad51, or γH2AX as described below.

Immunoblotting. Immunoblotting to detect specific proteins in cell extracts
prepared in RIPA buffer was performed according to standard procedures. The
following antibodies (Abs) were used: anti-Tip60 (CLHF), the kind gift of B Amati
(Italian Institute of Technology, Milan, Italy); anti-γH2AX (Millipore, Burlington, ON,
Canada); anti-cleaved PARP (Cell Signaling, Danvers, MA, USA); anti-vinculin
(Abcam, Cambridge, United Kingdom), and anti-β-actin (Sigma). Anti-mouse and
anti-rabbit HRP-conjugated secondary Abs were obtained from Amersham
(Mississauga, ON, Canada). Immunoblots were developed both on X-ray films
and with a Microchemi chemoluminescence analyser (DNR Bio-Imaging Systems
Ltd, Jerusalem, Israel). Immunoblot quantification was performed using the ImageJ
software (NIH Image, Bethesda, MD, USA).

Tip60 silencing. Non-targeting scrambled siRNA (scr; Cat. No. D-001810-10)
and Tip60-directed siRNA (Cat. No. L-057795-02) oligomers were from Dharmacon
(Lafayette, CO, USA). Lentiviral-based pLKO shRNAs against the non-target or
mouse Tip60 genes were from Sigma. For siRNA and shRNA studies, cells were
processed as previously described.49

Immunofluorescence. Cells cultured on glass coverslips were rinsed in PBS,
fixed with 3.7% formaldehyde in PBS for 10 min at room temperature (RT),
permeabilized with PBS plus 0.5% Triton X-100 for 5 min, blocked overnight at
4°C with PBS containing 1% bovine serum albumin,47 and then incubated with
primary Abs recognizing RAD51 (Santa Cruz, Dallas, TX, USA, 8349, 1 : 500),
γH2AX (Millipore 05-636, 1 : 1000) or BRCA1 (Santa Cruz 646, 1 : 100). After three
washes with PBS for 5 min at RT, samples were incubated for 30 min with a 1 : 400
dilution (in PBS) of goat anti-rabbit IgG conjugated to the fluorescent Alexa 488 dye
or with goat anti-mouse IgG conjugated to the fluorescent Alexa 546 dye (Invitrogen
Molecular Probes, Grand Island, NY, USA). Stained slides were washed three times,
counterstained with DAPI, and mounted in Mowiol. Stained cells were imaged using
an Axio Observer inverted microscope (Carl Zeiss Canada Ltd, Toronto, ON,
Canada). Stained cells were considered positive for DNA repair factor staining if
they contained at least 3 foci/cell.

HR assay. To assess HR efficiency, COMMA cells were stably transduced with
the DR-GFP construct (Addgene #26475, Cambridge, MA, USA) and with siRNA
oligomers against Tip60 or BRCA1. Cells were first stably transfected with
pCMV3xNLS-I SceI (a gift of R Bristow, Ontario Cancer Institute, Toronto, Canada)
and then transfected with siRNA oligomers using Lipofectamine (Invitrogen, Grand
Island, NY, USA). At 2 days post transfection, GFP signals were quantified in 10 000
cells/group using an FACSCalibur flow cytometer (BD Biosciences, Mississauga,
ON, Canada). Recombination efficiency was calculated as the number of GFP+

cells in a sample divided by the number of GFP+ cells among control COMMA-D
cells. The same experiment was conducted in WAPcre;PTENf/f cells stably
expressing shGFP or shTip60.
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Figure 6 Tip60 expression is important for maintenance of genomic integrity in mouse mammary tumors and human breast cancers. (a) Quantitation of CNA (i.e., percent
genome altered) in genomic DNA of KP (n= 3) and KPT (n= 4) tumors determined as described in Materials and methods. Data are values for individual tumors. Horizontal lines
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Tissue immunohistochemistry. Tissue sections (4 μm) that were
formalin-fixed and paraffin-embedded were dewaxed in xylene, stained lightly with
Mayer’s hematoxylin, dehydrated in an alcohol series, cleared in xylene, and
mounted in Permount (Fisher Scientific Company, Ottawa, Canada; Cat. No. SP15-
500). Staining to detect ER, PR, and Ki67 was performed as previously described,50

as was Tip60 staining.6 Specimens were viewed with a brightfield microscope (Leica
DM2500, Leica Microsystems, Concord, ON, Canada) equipped with Micropublisher
3.3-QI imaging camera), analyzed using the Q-Capture Pro software (QImaging,
Surrey, BC, Canada), and processed with Adobe Photoshop CS5.

Genomic PCR. Genomic PCR was conducted as previously described.49

Primer sequences used are listed in Supplementary Table 1.

RT-PCR. RNA was isolated using the Nucleospin RNA II kit (Macherey-Nagel,
Bethehem, PA, USA) and reverse-transcribed using the iScript cDNA synthesis kit
(Bio-Rad, Mississauga, ON, Canada) according to the manufacturers’ instructions.
Quantitative RT-PCR was performed using SYBR Green primers (Applied
Biosystems, Foster City, CA, USA). The mouse ribosomal protein S9 (rps9) was
used as the housekeeping gene for normalization and determination of relative
mRNA expression. Primer sequences used are listed in Supplementary Table 2.

Cell-cycle analysis. Cell-cycle analysis was performed by propidium iodide
(PI) staining as described.49

Apoptosis assay. Apoptosis was evaluated by AnnexinV/7-AAD staining and
flow cytometry. Briefly, 4 × 105 cells were stained for 15 min at RT with FITC-
conjugated AnnexinV plus 7-AAD in 1 × AnnexinV binding buffer (all from BD
Biosciences). Stained cells were analyzed using a FACSCalibur flow cytometer (BD
Biosciences).

Analyses of human breast cancer data sets. The Richardson37 and
Perou36 data sets were independently analyzed to determine HTATIP (Tip60) mRNA
expression. The Kaplan–Meier plotting tool (http://kmplot.com/analysis/)51 was used
to evaluate the risk-free survival of breast cancer patients expressing low or high
levels of Tip60. Tip60 expression was scored using the Jetset best probe set.52 Pre-
processed and normalized gene expression and copy number data, as well as
recurrence information, were downloaded from the corresponding TCGA breast
cancer repository (version 3 July 2012; http://tcga-data.nci.nih.gov/tcga/tcgaHome2.
jsp).53 Tumor profiles were clustered based on expression of the PAM50 signature,
which assigns tumors to the breast cancer subtypes basal-like, HER2-enriched,
luminal A, or luminal B. Clustering and correlation analyses were performed using
R software (R Foundation for Statistical Computing, Vienna, Austria). The GSEA54

tool was employed using default values for all parameters. Information on specific
gene sets was downloaded from the published report on the HRD signature34 or
from the Biocarta repository. Normalized gene expression and p53 mutation data
were obtained for a cohort of 251 breast cancer patients from the Gene Expression
Omnibus (GSE3494). Tip60 expression levels (Affymetrix U133A Probe
206689_x_at) were compared between p53 mutant (n= 58) and p53 WT
(n= 193) tumors using a one-tailed Student's t-test.

Array aCGH. aCGH (4x180k Agilent array) was performed by the Princess
Margaret Genomics Centre according to the manufacturer’s instructions. Experi-
mental and reference diploid DNA samples were labeled with Cy5 (red) and Cy3
(green) dyes, respectively. Agilent feature extraction files were analyzed using DNA
Nexus 7.5 (BioDiscovery, Hawthorne, CA, USA). Briefly, log2 ratios (Cy5/Cy3) were
normalized using a linear systematic correction. Genomic segmentation to identify
CNA was performed using the Rank Segmentation algorithm applying the default
settings with a minimum number of probes per segment equal to 30. Genomic
coordinates were mapped to mouse build mm9/NCBI37.
The percentage of the genome altered and the total number of CNA were

compared between KP and KPT tumors using an unpaired t-test, with a two-tailed
P-value of o0.05 considered as significant. Regions of CNA were compared
between KP and KPT tumors using the Nexus Comparison function and the default
settings (minimum frequency difference between groups= 25% and two-tailed
Fisher’s exact test P-value o0.05).

TCGA BRCA data set. The fraction of genome altered (FGA) by CNA for
BRCA patients was downloaded from the clinical summary tab in cBioportal.55,56

Gene expression levels, copy number calls, and mutation status for Tip60 (KAT5)

and TP53 were obtained from the Cancer Genomics Browser.57 Correlations
between gene expression and FGA were calculated by comparing FGA in tumors
with Tip60 expression in the top and bottom quartiles of all p53 WT BRCA tumors
(defined as neither mutated nor homozygously deleted). A P-value of o0.05 by the
Mann–Whitney test was considered as significant.

Statistical analyses. For mouse Kaplan–Meier survival curves, P-values were
determined using the log-rank test. Most results were reported as the
mean± standard error of the mean (S.E.M.). The two-sided independent Student's
t-test without equal variance assumption was used to determine P-values of
differences between groups. *Po0.05, **Po0.01, ***Po0.001.
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