
Histone acetyltransferase Hbo1 destabilizes estrogen
receptor a by ubiquitination and modulates
proliferation of breast cancers
Masayoshi Iizuka,1,4 Takao Susa,1 Yoshihisa Takahashi,2 Mimi Tamamori-Adachi,1 Takashi Kajitani,1,5

Hiroko Okinaga,3 Toshio Fukusato2 and Tomoki Okazaki1

Departments of 1Biochemistry, 2Pathology, 3Internal Medicine, Teikyo University School of Medicine, Tokyo, Japan

(Received August 6, 2013 ⁄ Revised October 7, 2013 ⁄ Accepted October 8, 2013 ⁄ Accepted manuscript online October 11, 2013 ⁄ Article first published online November 25, 2013)

The estrogen receptor (ER) is a key molecule for growth of breast
cancers. It has been a successful target for treatment of breast
cancers. Elucidation of the ER expression mechanism is of impor-
tance for designing therapeutics for ER-positive breast cancers.
However, the detailed mechanism of ER stability is still unclear.
Here, we report that histone acetyltransferase Hbo1 promotes
destabilization of estrogen receptor a (ERa) in breast cancers
through lysine 48-linked ubiquitination. The acetyltransferase
activity of Hbo1 is linked to its activity for ERa ubiquitination.
Depletion of Hbo1 and anti-estrogen treatment displayed a
potent growth suppression of breast cancer cell line. Hbo1 modu-
lated transcription by ERa. Mutually exclusive expression of Hbo1
and ERa was observed in roughly half of the human breast
tumors examined in the present study. Modulation of ER stability
by Hbo1 in breast cancers may provide a novel therapeutic possi-
bility. (Cancer Sci 2013; 104: 1647–1655)

B reast cancer is the most common cancer among women
and causes 458 000 deaths per year worldwide.(1) The

estrogen receptor (ER), primarily ERa, has a central role in
the proliferation of breast cancer. Approximately two-thirds of
human breast cancers are positive for ERa, and, therefore, are
dependent on estrogen for proliferation and respond to anti-
estrogen therapy.(2) However, a substantial number of ERa-
positive breast cancers become resistant to anti-estrogens and
recurrence occurs. Studies over the past decade have revealed
that splicing variants of ERa, mutations of the ERa gene and
alteration in the stability of the ERa protein are responsible
for the resistance to anti-estrogens.(3–5)

Ubiquitination of ERa is one of the mechanisms for ERa
degradation. Several E3 ligases for ERa have been character-
ized. Mouse double minute 2 homolog (Mdm2) physically
interacts with ERa, and enhances ubiquitination of ERa in
vivo.(6) The breast cancer susceptibility gene 1 ⁄Brca1-associ-
ated RING domain protein 1 (BRCA1 ⁄BARD1) heterodimer
ubiquitinates ERa and appears to inhibit transcriptional activity
of ERa.(7) The estrogen-responsive finger protein (EFP), a
member of the RING finger protein family, polyubiquitinates
ERa through lysine 48 within the ubiquitin molecule and pro-
motes degradation of ERa, although EFP contributes to ERa-
mediated transcription.(8) The carboxyl-terminus of heat shock
protein 70 (Hsc70)-interacting protein (CHIP), a ubiquitin
ligase with U-box domain, promotes ERa degradation in the
nucleus.(9)

Hbo1, a histone acetyltransferase binding to origin recognition
complex 1 (ORC1),(10) regulates histone acetylation(11–14) and is
involved in replicational licensing.(15,16) Hbo1 is required for
adipogenesis,(17) embryonic development(13) and survival of ery-
throblasts in fetal liver.(14) The Hbo1 protein complex includes

inhibitor of growth 4 (ING4) or inhibitor of growth 5 (ING5),
and gene for apoptosis and differentiation-1 (Jade-1).(11) Tumor
suppressor p53 inhibits histone acetyltransferase (HAT) activity
of Hbo1(18) and Hbo1 is overexpressed in some human primary
cancers,(12) suggesting a link between Hbo1 and cancers. Indeed,
overexpression of Hbo1 causes an increase in colony formation
on soft agar in breast cancer cell lines.(19) However, the molecu-
lar basis for growth control by Hbo1 in cancers is unclear. Here
we report that Hbo1 promotes the degradation of ERa through
ubiquitination. Hbo1 modulates transcription by ERa and
growth of tamoxifen-treated breast cancers.

Materials and Method

Reverse-transcription and real-time quantitative PCR. Total
RNA was isolated with Trizol (Invitrogen, Carlsbad, CA,
USA) or RNA iso-Plus (TaKaRa Biotechnology, Otsu, Japan).
Total RNA (0.5 lg) was reverse transcribed using random
hexamers, oligo(dT) primer, and Prime-Script RT regent kit
(TaKaRa Biotechnology). Quantitative real-time PCR analysis
was performed using the Thermal Cycler Dice TM TP860 (Ta-
KaRa Biotechnology) and the SYBR Premix EXTaqII (TaKa-
Ra Biotechnology). Relative gene expression was determined
following the dCT method. The data were normalized to GAP-
DH expression. Experiments were performed at least in tripli-
cate. Synthetic oligonucleotides for PCR were purchased from
Greiner Japan. Primer sequences for PCR are listed in Supple-
mentary Table S1.

Plasmids, chemicals and antibodies. Mammalian expression
plasmids for FLAG-tagged ING4 and ING5(20) were gifts from
Dr Curtis Harris. Expression plasmids for HA-tagged wild-type,
K48R and K0 ubiquitins(21) were donated by Dr Yuichi Mach-
ida. A mammalian expression plasmid for human ERa was made
by inserting human ERa cDNA (a gift from Dr Shigeaki Kato)
into pFLAG-CMV-2 plasmid. The Jade-1 expression plasmid
was an IMAGE clone, MGC40386. Cycloheximide and 17-b-
estradiol (E2) were from Sigma–Aldrich (St. Louis, MO, USA).
MG-132 was from Biomol. The recombinant full-length ERa
protein was from Invitrogen. The His-tagged Hbo1 recombinant
protein was prepared as reported previously.(18) The following
commercial antibodies were used: anti-a-tubulin monoclonal
and anti-FLAG monoclonal (Sigma-Aldrich); anti-ERa and
anti-progesterone receptor (PgR) (Santa-Cruz, Dallas, TX,
USA); anti-HA monoclonal (Roche, Basel, Switzerland); and
anti-acetylated histone H4 polyclonal (H4KAc) (Millipore,
Billerica, MA, USA). Generation of anti-Hbo1 antibody was
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documented.(10,12) Anti-Jade-1 antibody was generated by
immunizing rabbits with a synthetic peptide LFTHLRQDLERV-
MIDTDTL. Two different siRNAs targeting nucleotide 92 (#1)
and 1313 (#2) of the Hbo1 coding region were used. Knocking
down by siRNA was undertaken as reported previously.(18) Anti-
bodies for immunohistochemistry are listed in Supplementary
Table S2.

In vitro acetylation assay. Hbo1 or its mutant(18) (1 lM) and
recombinant ERa (0.5 lM) proteins were incubated in 20 lL
of protein acetylation buffer (50 mM Tris, pH 8.0, 50 mM
KCl, 5% glycerol and 1 mM EDTA) with 1 lL (0.02 lCi) of
[14C]-acetyl-CoA (Perkin Elmer) for 1 h at 30°C. The proteins
were separated on SDS-PAGE, and transferred onto mem-
brane, followed by fluorography.

In vivo ubiquitination assay. The in vivo ubiquitination assay
was performed according to a previous report.(22) In brief, 293T
cells were transfected using the calcium-phosphate-mediated
gene transfer method.(23) Forty-eight hours post-transfection, the
cells were treated with MG-132 for 6 h, lysed with pre-boiled
buffer (50 mM Tis-HCl, pH 7.5, 0.5 mM EDTA, 1% SDS,
1 mM DTT) and boiled for 10 min. After centrifugation, super-
natant was diluted with buffer A (50 mM Tris-Cl, 0.5% NP-40,
150 mM NaCl, 50 mM NaF, 1 mM DTT, 1 mM NaVO3) with
proteinase inhibitors, and incubated with the primary antibody
and protein A beads. The immunoprecipitates were washed three
times with buffer A, separated on SDS-PAGE, transferred onto
the membrane and subjected to western blotting.

Immunohistochemistry. A formalin-fixed paraffin-embedded
section of a tissue microarray containing 24 breast tumors was
immunostained using the EnVision FLEX system (DakoCyto-
mation, Grostrup, Denmark) or the Histofine Simple Stain
MAX-PO kit (Nichirei, Tokyo, Japan) according to the instruc-
tion manuals. The results were evaluated as follows: negative,
<10% of tumor cells stained; weakly posivite, 10–50% of
tumor cells stained; and strongly positive, >50% of tumor cells
stained.

Statistical analysis. Statistical data analysis of the mRNA
expression levels was conducted using a one-factor ANOVA and
the Tukey–Kramer test. The differences were considered sig-
nificant at P < 0.05. The relationship between protein levels in
the immunohistochemistry study was analyzed using cross-tab-
ulation and Pearson’s v2.

Results

Hbo1 promotes destabilization of estrogen receptor a pro-
tein. Hbo1 modulates ER-dependent transcription.(24) However,
it remained a question whether Hbo1 physically interacts with
ERa. We were unable to demonstrate interaction between
endogenous Hbo1 and ERa proteins by coimmunoprecipitation
experiments under multiple conditions, suggesting that the
interaction might be weak or dynamic. To circumvent the diffi-
culty, we lysed 293T cells transfected with Hbo1 and ERa,
and immunoprecipitated the whole cell extracts with anti-Hbo1
antibody. The immunoprecipitates were assayed for ERa pro-
tein by immunoblotting (Fig. 1a). ERa was coimmunoprecipi-
tated with Hbo1 (lane 4), whereas no ERa signal was detected
in the control reaction performed by immunoprecipitaion with
the purified rabbit IgG (lane 8), indicating that Hbo1 and ERa
are in the same protein complex. To test whether Hbo1 acety-
lates ERa in vitro, a recombinant wild-type Hbo1 protein and
a catalytically-inactive mutant (G485A) of Hbo1 were incu-
bated with the recombinant ERa protein in the presence of
14C-labelled acetyl-CoA, and acetylation was detected by fluo-
rography (Fig. 1b). The wild-type Hbo1 acetylated ERa
protein (lane 1) in addition to Hbo1 itself, whereas the catalyti-
cally-inactive mutant Hbo1 did not (lane 2), suggesting that
Hbo1 acetylates ERa in vitro. To explore the biological signifi-

cance of physical interaction between Hbo1 and ERa, we
assayed protein and mRNA amounts of ERa by immunoblot-
ting (Fig. 1c) and RT-PCR analysis (Fig. 1d), respectively,
after knocking down Hbo1 expression in a breast cancer cell
line, MCF-7. Depletion of Hbo1 caused an increase in ERa
protein (second panel). An equivalent amount of protein was
loaded onto each lane judged by blotting with anti-a-tubulin
antibody (third panel). Decrease in histone H4 acetylation
upon Hbo1 depletion (fourth panel) has been reported previ-
ously.(12) In contrast, knockdown of Hbo1 expression caused a
decrease in ERa mRNA (Fig. 1d), suggesting that the increase
in ERa protein levels upon Hbo1 knockdown was not due to
transcriptional activation of the ERa gene. Therefore, we
tested whether Hbo1 affected the stability of the ERa protein.
Following knockdown of Hbo1, the MCF-7 cells were treated
with cycloheximide, an inhibitor of protein synthesis, and were
assayed for ERa expression (Fig. 1e). The ERa protein started
to degrade 30 min after cycloheximde treatment in the control
siRNA-transfected cells (lanes 1–4), whereas the ERa protein
was stable in the Hbo1 knocked-down cells for up to 90 min
(lanes 5–8). This result suggests that Hbo1 negatively regulates
the stability of the ERa protein.

Hbo1 is ubiquitinated. Treatment of MCF-7 cells with MG-132
caused an increased signal of ERa protein in the absence of the
ligand, indicating that ERa stability is regulated in a ubiquitin-
dependent fashion.(25) Moreover, several histone acetyltransfe-
rases, including cAMP response element binding protein-binding
protein (CBP), p300, P300 ⁄CBP-associated factor (PCAF) and
TATA box binding protein (TBP)-associated factor 250 kDa
(TAFII250) and one histone deacetylase (HDAC), HDAC6,
have ubiquitin-associated capabilities.(26) These findings sug-
gest that Hbo1 contributes to ubiquitin-dependent ERa
degradation. We examined whether Hbo1 was ubiquitinated.
We transfected 293T cells with Hbo1 and HA-tagged ubiquitin,
and immunoprecipitated under denaturing conditions with anti-
Hbo1 antibody, and the immunoprecipitates were assayed for
HA-ubiquitin by immunoblotting (Fig. 2a). The slow-migrating
bands above the size of Hbo1 (approximately 80 kDa) solely in
the cells with overexpressed Hbo1 (lane 6) but not in the cells
transfected with the empty vector (lane 5) suggested that the
Hbo1 protein was ubiquitinated.

The Hbo1 protein complex promotes estrogen receptor a ubiq-
uitination in vivo. To examine whether Hbo1 promotes ERa
ubiquitination, we overexpressed Hbo1, ING4 or ING5, and
Jade-1, which are components of the Hbo1 protein complex
(Fig. 2b),(11) along with HA-ubiquitin and ERa, and immuno-
precipitated the whole cell extracts with anti-ERa antibody
under denaturing conditions. The immunoprecipitates were
assayed for ubiquitin (Fig. 2c). An equivalent amount of ERa
was precipitated among the cells transfected with ERa (lanes
7–10). Remarkable slow-migrating poly-ubiquitin signals were
detected in the Hbo1, Hbo1 ⁄ ING4 ⁄ Jade-1 or Hbo1 ⁄ ING5
⁄ Jade-1 transfectants (lanes 13–15), whereas the ERa-only
transfectant showed a weak intensity of poly-ubiquitination
(lane 12). The protein complexes containing Hbo1 ⁄ ING4
⁄ Jade-1 and Hbo1 ⁄ ING5 ⁄ Jade-1 both appeared to have an
equivalent level of ubiquitinating activity for ERa (lanes 14
and 15). Thus, Hbo1 contributes to ERa ubiquitination in vivo.

The HAT activity of Hbo1 is linked with its ubiquitinating activ-
ity. The HAT activity of Hbo1 is linked to global histone acet-
ylation(12) and replicational licensing.(18,27) To check whether
the Hbo1 HAT activity is associated with its ability to ubiqui-
tinate ERa, we transfected Hbo1 (G485A), which is deficient
in HAT activity,(12) with ING4 or ING5 and Jade-1, and
assayed its ability to ubiquitinate ERa in vivo (Fig. 3a). The
Hbo1 mutant showed a marked decrease in ERa ubiquitination
compared to the wild-type, irrespective of ING4 or ING5
transfected (lanes 9 vs 10 and lanes 11 vs 12), suggesting that
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the HAT activity of Hbo1 is linked to its ability to ubiquitinate
the ERa protein.

Poly-ubiquitination of estrogen receptor a by Hbo1 through
lysine 48 of ubiquitin. The specific lysine position within the
ubiquitin molecule is used to connect multiple ubiquitin moie-
ties and the position is closely linked to the biological fate of
the proteins tagged with ubiquitin. For instance, proteins modi-
fied with multiple ubiquitins through lysine 48 are destined for
their degradation by the proteasome. In contrast, being tagged
with ubiquitins through lysine 63 is associated with other bio-

logical events including DNA repair and signal transduc-
tion.(28,29) As Hbo1 knockdown caused increased stability of
the ERa protein (Fig. 1c,e), the ubiquitination of the ERa pro-
tein by Hbo1 through the lysine at position 48 was predicted.
To examine the ubiquitin linkage, we transfected into 293T
cells a ubiquitin mutant (K48R), whose lysine at position 48 is
substituted to arginine, with Hbo1, ING4, Jade-1 and ERa, and
analyzed the ubiquitination of the ERa protein (Fig. 3b). As a
negative control, we transfected ubiquitin K0 mutant where all
the lysines are substituted to arginine (lanes 4, 8, 12 and 16).

(a) (c)

(b)

(d)

(e)

Fig. 1. Hbo1 contributes to destabilization of estrogen receptor a (ERa) protein. (a) 293T cells were transfected with Hbo1 and ⁄ or ERa, lysed,
and immunoprecipitated with anti-Hbo1 antibody (lanes 3 and 4) and purified rabbit IgG (lanes 7 and 8). The immunoprecipitates were sepa-
rated on SDS-PAGE, transferred onto membrane, and probed with anti-ERa antibody. Transfection of ERa into 293T cells reproducibly gave two
bands corresponding to ERa, presumably due to post-translational modifications. Ten percent of the input was loaded. (b) Recombinant Hbo1
proteins, wild-type (WT) (lanes 1 and 3) and catalytically-inactive mutant (mut) (lanes 2 and 4), were incubated with recombinant ERa in the
presence of 14C- acetyl-CoA, separated on SDS-PAGE, followed by fluorography and Coomassie staining (Sigma-Aldrich). *Autoacetylation of
Hbo1. (c) MCF-7 whole cell extracts transfected with control (�) (lanes 1 and 3) and two different Hbo1 (+) (lanes 2 and 4) siRNA oligonucleo-
tides were probed with the listed antibodies. (d) MCF-7 cells were transfected with Hbo1 or control siRNA and the expression of ERa mRNA was
analyzed by qRT-PCR. A ratio of the ERa or Hbo1 mRNA to GAPDH mRNA in the control siRNA-treated cells was arbitrarily set to 100. Each value
is represented as a mean � SD. (e) Three days post-transfection of Hbo1 siRNAs, MCF-7 cells were treated with cycloheximide (CHX) for indicated
time, lysed and immunoblotted with the listed antibodies (left). The ratio of intensity of the ERa to a-tubulin was plotted with the time of CHX
treatment (right).
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With an equivalent amount of ERa pulled down among the
transfectants (lanes 13–16), the wild-type ubiquitin produced a
poly-ubiquitination (lane 10), whereas the K48R mutant dis-
played a marked decrease of poly-ubiquitination (lane 11),
suggesting that the poly-ubiquitination of ERa by Hbo1 was
through lysine 48 of the ubiquitin molecule. The ubiquitin K0
mutant gave a robust signal of ERa ubiquitination (lane 12), in
accordance with the previous study using the K0 mutant.(21)

Presumably, expression of the K0 mutant was not sufficient to
suppress ubiquitin elongation of ERa due to an abundance of
endogenous ubiquitin.

Hbo1 depletion potentiated growth suppression of anti-estro-
gen-treated breast cancer cells. Tamoxifen, a competitive inhib-
itor of estradiol binding to the ER, has been effective for the
therapy of ER-positive breast cancer.(2) In contrast, Hbo1
depletion causes inhibition of proliferation of 293T cells.(11)

To test whether Hbo1 depletion affects the growth of breast
cancer cells treated with tamoxifen, we examined growth sup-
pression of breast cancer cell line MCF-7 by tamoxifen follow-
ing knocking down Hbo1 expression (Fig. 4). Tamoxifen
treatment per se (22% reduction in growth compared to the
non-treated control) and Hbo1 depletion per se (20% reduction
in growth for siRNA#1 and 34% reduction for siRNA#2, com-
pared to the siRNA control) 1 had a comparable level of
growth suppression. Hbo1 knockdown plus tamoxifen treat-
ment had the more growth suppression (36% reduction in
growth for #1 and 65% reduction in growth for #2).

Hbo1 modulates transcription by estrogen receptor a. By bind-
ing to a ligand, ERa modulates the transcription of downstream
genes.(30) As Hbo1 contributes to the destabilization of the ERa
protein, we predicted that knockdown of Hbo1 caused an
increase in expression of the ERa protein, leading to potentiat-
ing estrogen-dependent transcription of the downstream genes.
We depleted Hbo1 expression by siRNA, challenged with E2,

(a)

(c)

(b)

Fig. 2. Ubiquitination of Hbo1 and promotion of estrogen receptor
a (ERa) ubiquitination by Hbo1. (a) Hbo1 (lanes 2, 4 and 6) and the
empty vector (lanes 1, 3 and 5), together with HA-tagged ubiquitin,
were transfected into 293T cells. Two days post-transfection, the cells
were lysed under denaturing conditions and immunoprecipitated with
anti-Hbo1 antibody. The immunoprecipitates were assayed for Hbo1
(lanes 3 and 4) and HA peptide (lanes 5 and 6). Ten percent of the
input was analyzed. *Immunoglobulin heavy chain. (b) Components
of the Hbo1 protein complex. (c) 293T cells were transfected with ERa,
Hbo1, Jade-1, ING4 or ING5, with HA-tagged ubiquitin by the listed
combination. Immunoprecipitation with anti-ERa antibody was done
similarly to Figure 2(a). The immunoprecipitates were probed with
anti-ERa and anti-HA antibodies. Ten percent of the input was ana-
lyzed. *Immunoglobulin heavy chain.

(a)

(b)

Fig. 3. Poly-ubiquitination of estrogen receptor a (ERa) by Hbo1 is
dependent on the histone acetyltransferase (HAT) activity of Hbo1
and linked through lysine 48 of the ubiquitin. (a) Hbo1 wild-type
(Hbo1 WT) and the catalytically-deficient mutant, Hbo1 (G485A)
(Hbo1 mut), were transfected into 293T cells with the other Hbo1
complex components, and ERa and HA-ubiquitin, and analyzed simi-
larly to Figure 2(a). Ten percent of the input was loaded. (b) The
ING4-containing components of Hbo1 protein complex, and ERa were
transfected with the empty vector, wild-type ubiquitin, K48R mutant,
or K0 mutant tagged with the HA epitope. The transfectants were
handled in a similar fashion to Figure 2(a). *Immunoglobulin heavy
chain.
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and analyzed the expression of 15 genes whose expression is
known to be activated in an ERa-dependent fashion
(Fig. 5).(31,32) The effect of Hbo1 depletion was categorized
into three groups: repression (4 genes), activation (3 genes),
and no change (8 genes) of the E2-dependent transcription.
Unexpectedly, expression of four genes, E2F1, ribonucleotide
reductase M2 (RRM2), cathepsin D (CTSD) and NRGN, was
repressed by Hbo1 depletion (Fig. 5a). The decrease in tran-
scription was probably due to reduced acetylation around the
promoters because Hbo1 is bound to some of the active gene
promoters.(33) In contrast, three genes, PgR, SDF1 and interleu-
kin-24 (IL24), were activated by Hbo1 depletion (Fig. 5b), in
agreement with the idea that Hbo1 promotes ubiquitin-depen-
dent degradation of ERa.

Immunohistochemistry study of Hbo1, ING4, ING5 and Jade-
1. To explore the in vivo biological role of the Hbo1 complex
in breast cancers, we examined the expression of Hbo1,
ING4, ING5 and Jade-1 in 24 primary breast cancers by
immunohistochemistry. The breast cancers were composed of
3 non-invasive carcinomas and 21 invasive carcinomas (1
well differentiated, 10 moderately differentiated and 9 poorly

Fig. 4. Hbo1 influences growth suppression of anti-estrogen-treated
breast cancer cell line. MCF-7 cells were transfected with control
(siCON) or Hbo1 (siHbo1 #1, #2) siRNA oligonucleotides. Twenty-four
hours post-transfection, the cells were treated with vehicle (black), E2
(10�7 M) (grey) or tamoxifen (10�7 M) (white) for 72 h. Cell numbers
were counted. The average number of cells treated with control siRNA
and vehicle was arbitrarily set to 1.

(a)

(b)

Fig. 5. Hbo1 activates (a) and represses (b) transcription by estrogen receptor a (ERa). MCF-7 cells were transfected with siRNA oligonucleotides
for control (�) (siCON) or Hbo1 (+) (siHbo1) for 48 h followed by treatment with E2 (2 9 10�8 M) for 24 h. Amount of mRNA was quantified by
qRT-PCR. GAPDH mRNA was used as an expression standard. A ratio of mRNA to GAPDH in the vehicle-treated cells transfected with the control
siRNA was set to 100.
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differentiated carcinomas) (Fig. 6, Table 1, Suppl. Table S3).
Staining of Hbo1, ING4, ING5 and Jade-1 was nuclear,
nuclear and ⁄or cytoplasmic, nuclear and ⁄or cytoplasmic, and
cytoplasmic, respectively. Cytoplasmic staining of ING4,(34)

ING5(35) and Jade-1(36) by immunohistochemistry has been
described previously. Out of the 24 cancers, 5 (21%) were

positive for Hbo1 and 9 were positive for Jade-1 (38%). In
agreement with the destabilization of ERa by Hbo1, 11 breast
tumors (46%) showed mutually exclusive expression of Hbo1
and ERa (Patients 1, 5, 6, 8, 9, 14, 16, 18, 19, 20 and 24;
Table 1, Fig. 7), whereas the remaining 13 cases did not. We
tested whether this mutually exclusive expression was statisti-

(a) (b) (c)

(d) (e) (f)

(g)

Fig. 6. Overexpression of Hbo1, ING4, ING5 and Jade-1 in human primary breast tumors. The immunohistochemical study showing staining of
Hbo1 (a), nuclear staining of ING4 (b), cytoplasmic staining of ING4 (c), nuclear and cytoplasmic staining of ING4 (d), nuclear staining of ING5 (e),
cytoplasmic staining of ING5 (f), and cytoplasmic staining of Jade-1 (g). Magnification: 9400.

Table 1. Pathological features and staining pattern of 24 breast tumors

Patient Invasiveness Differentiation Age Hbo1 ING4 ING5 Jade-1 ER PgR HER2

1 Non N ⁄A 43 – sNC wN s w s –

2 Non N ⁄A 42 – wC wNC – – – –

3 Non N ⁄A 54 – sC sC – – – s

4 Non N ⁄A 80 – sC – – – – –

5 Inv well 44 – sNC sN s s s –

6 Inv mod 42 – sC – w w s –

7 Inv mod 69 – sC wC s – – w

8 Inv mod 64 – sC – – s s –

9 Inv mod 82 – sNC – s s s –

10 Inv mod 71 – sC wC s – – s

11 Inv mod 68 – sC wC s – s –

12 Inv mod 51 s sNC wNC s s – s

13 Inv mod 50 – wC – – – – s

14 Inv mod 57 s sC – – – – –

15 Inv mod 29 – sC – – – – –

16 Inv poorly 39 – sC wC – s s –

17 Inv poorly 63 s sN sN – s s w

18 Inv poorly 52 – sC – w s s –

19 Inv poorly 61 – wC – – w – –

20 Inv poorly 71 – wC sNC – s w w

21 Inv poorly 35 – sC wC – – – –

22 Inv poorly 65 – – – – – – –

23 Inv poorly 41 s sC sN – s w w

24 Inv poorly 42 w sC – – – w –

–, negative; C, cytoplasmic; Inv, invasive; mod, moderately; N, nuclear; N ⁄A, not applied; Non, non-invasive; s, strong; w, weak.
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cally significant. We examined expression of ERa, PgR and
HER2 by immunohistochemistry to see whether the staining
pattern of Hbo1 was correlated with that of those factors
important for expression profiles of breast cancers(37) by pair-
wise v2 analysis (Suppl. Table S4). As progesterone receptor
is highly E2-sensitive,(31) there was a strong correlation
between expression of ER and progesterone receptor
(P < 0.01). However, Hbo1 expression had no statistically
significant correlation with ERa expression.

Discussion

Here we report a novel function of Hbo1: promotion of ERa
degradation through ubiquitination. Two possible mechanisms
for ERa degradation by Hbo1 are conceivable. The first is: as
Hbo1 regulates global acetylation of core histones,(11–14) Hbo1
might activate the transcription of ubiquitinating enzyme(s) for
ERa through changes in the chromatin structure by altering
acetylation levels of core histones. However, even a large
input of exogenous Hbo1, which induced ERa ubiquitination
(Fig. 2c), did not cause changes in core histone acetylation.(38)

Therefore, it is unlikely that ERa ubiquitination by transfec-

tion of Hbo1 (Fig. 2c) is caused by alteration of global histone
acetylation. A second possibility is that aceylation of ERa by
Hbo1 facilitates ubiquitination and proteasomal degradation of
ERa. Acetylation-induced ubiquitination ⁄proteasomal degrada-
tion have been described for some proteins, including histone
H2A.X,(39) DNA methyltransferase 1 (DNMT1),(40) phospho-
enolpyruvate carboxylase 1 (PCK1),(41) p27(42) and core
histones.(43) This possibility is consistent with the in vitro
acetylation of ERa by Hbo1 (Fig. 1b) and the close link
between the Hbo1 HAT activity and ERa ubiquitination
(Fig. 3a).
Hbo1 activated and suppressed transcription by ERa

(Fig. 5). Hbo1 activated the basal level of E2F1, RRM2 and
CTSD genes and suppressed IL24 transcription. E2F1 can
stimulate proliferation.(44) RRM2 plays a direct role in tumor
progression.(45) CTSD, a proteolytic enzyme, is abundant in
cancers and is potential tumor marker.(46) IL24 can induce
apoptosis in cancer cells.(47) Thus, Hbo1 might coordinately
alter the expression profile through changes in histone acetyla-
tion and ERa stability to link cellular proliferation with initia-
tion of DNA replication. In this context, it is of interest that
Hbo1 depletion enhanced the growth suppression of tamoxi-
fen-treated MCF-7 cells (Fig. 4). As ING5 depletion causes
tamoxifen sensitivity,(48) we speculate that Hbo1, as a protein
complex, modulates the survival of tamoxifen-treated breast
cancer cells.
Since the identification of protein complex including

Hbo1, Jade-1, and ING4 ⁄5,(11) it has been enigmatic that the
proteins with contrasting functions are in the same protein
complex, because Hbo1 acts as oncogene, whereas ING4 ⁄ 5
and Jade-1 behave as anti-oncogenes. Positive regulation of
DNA replication by Hbo1(15) and other findings(11,12,18,19) indi-
cate that Hbo1 is an oncogene. In contrast, ING4 and ING5
are tumor suppressors.(20,49–51) Moreover, Jade-1 contributes to
apoptosis and tumor suppression.(52,53) The integrity of Hbo1
⁄ Jade-1 ⁄ ING protein complex appears to be important in the
suppression of cellular proliferation.(33,54) However, the antag-
onism between Hbo1 and Jade-1 does not explain why the
transcriptional profiles are not similar between the Hbo1-
depleted cells and the Jade-1L overexpressing cells.(33) Havasi
et al. (2013) report that Jade-1 depletion inhibits DNA replica-
tion and cell proliferation,(55) indicating a possibility that Jade-
1 is oncogenic. ERa ubiquitination promoted by Hbo1 protein
complex as well as Hbo1 alone (Fig. 2c) supports the notion.
In sum, we report that Hbo1 contributes to degradation of

ERa by ubiquitination through lysine 48. As this control of
ERa ubiquitination by Hbo1 is linked to histone acetyltransfer-
ase activity of Hbo1 (Fig. 3) and Hbo1 acetylase activity is
important for replicational licensing,(18,27) Hbo1 might be a
molecule linking activated DNA replication, enhanced ubiqu-
itin-dependent proteasomal degradation of ERa and resistance
to anti-estrogen in breast cancers.
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Fig. 7. Mutually exclusive expression of Hbo1 and estrogen receptor
a (ERa) in human primary breast tumors. The immunohistochimestry
staining of the tumors from the patients 8, 9, 14 and 24 with anti-
Hbo1 (a, c, e and g) and anti-ERa (b, d, f and g) antibodies. Magnifica-
tion: 9400.
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