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Abstract

The MYST acetyltransferase HBO1 is implicated in the regulation of DNA replication and activities of transcription factors such
as the androgen receptor. Since the androgen receptor and NF-jB transcription factors crossmodulate their transcriptional activity,
we investigated whether HBO1 regulates NF-jB signaling. Here, we report that in 293T cells HBO1 reduced dose-dependently
NF-jB activity stimulated by TNFa, or by overexpressing p65/RelA, RelB, or cRel. Mutational analysis showed that the
N-terminal serine-rich region of HBO1 but not the acetyltransferase function was required for inhibition. Electrophoretic mobili-
ty-shift assays demonstrated that HBO1 was neither perturbing the formation of p65/RelA DNA complexes nor binding itself to
the jB consensus sequence or to p65/RelA, suggesting that HBO1 reduced NF-jB activity by squelching a cofactor. These data
establish a novel function for HBO1 showing that it reduced NF-jB activity by sequestrating an essential coactivator from the
NF-jB transcriptional complex.
� 2006 Elsevier Inc. All rights reserved.
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NF-jB/Rel transcription factors control the expression
of multiple genes involved in controlling immunity,
inflammation, cellular proliferation, cancer, and apopto-
sis [1]. The members of this family (p65/RelA, p105/
p50, p100/p52, RelB, and cRel) are characterized by a
conserved N-terminal Rel-homology domain and C-ter-
minal transactivation domains in p65/RelA, RelB, and
c-Rel [1]. Extracellular signals activate the classical or
alternative NF-jB signal transduction pathway resulting
in the nuclear translocation of NF-jB transcription fac-
tors [1,2]. There, NF-jB transcription factors undergo
posttranslational modifications regulating DNA binding,
IjBa interaction, and interaction with coregulators, all
of which modulate NF-jB activity [3].
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HBO1 (histone acetyltransferase binding to ORC1;
HUGO symbol MYST2), a member of the MYST family
of histone acetyltransferases (HAT), is a ubiquitously
expressed nuclear protein [4]. Human HBO1 interacts
with ORC1 [4], MCM2 [5], androgen receptor (AR) [6],
progesteron receptor [7], CDK11p58 [8], and ING4 and
ING5 [9], and is involved in initiation of replication, pro-
gression through S phase of the cell cycle, and transcrip-
tional regulation. Human HBO1 has no intrinsic HAT
activity but acetylates histones as part of a multisubunit
complex [4,9].

HBO1 downregulates the hormone-dependent AR acti-
vation [6]. Since AR has also been shown to negatively reg-
ulate NF-jB-dependent transcription [10,11] we
investigated whether HBO1 is involved in regulation of
NF-jB activity. In this report, we demonstrate that
HBO1 suppressed NF-jB-induced transcription in an
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AR-independent manner most likely by competing with a
coactivator regulating NF-jB activity.
Materials and methods

Plasmids. Expression vectors encoding human AR (pSG5�AR) [12]
and human HA-tagged p65/RelA, RelB, and c-Rel were used. Luciferase
reporter plasmids for NF-jB (pjB-luc, pNF-jB-luc (Stratagene)) and
androgen receptor (pSLP�ARU-Luc), and the internal control plasmid
pRL-TK (Promega) have been described [12,13]. HBO1 expression vectors
pmyc-HBO1 (myc tag, CMV promoter) and pBud-HBO1 (no tag, EF1a
promoter) were constructed by cloning the HBO1 coding sequence from
pBSSKL74 [4] into pCMVmyc (Clontech) and pBudCE4 vectors (Invit-
rogen). All HBO1 deletion mutants were generated from pmyc-HBO1 by
PCR and cloning into the pCMV-myc vector. Constructs were verified by
sequencing (Synergene).

Cell culture and luciferase reporter assays. 293T cells were cultured in
Dulbecco’s modified Eagle’s medium and 10% fetal calf serum (Sigma).
Cells in 24-well plates (2 · 105 cells/well) were transfected with expression
plasmids, 0.01 lg pRL-TK, and 0.2 lg luciferase reporter plasmids using
Lipofectamine 2000 (Invitrogen). The total amount of DNA (0.8 lg) was
kept constant by adding empty vector DNA. Cells were treated with
10 ng/ml TNF-a (R&D Systems) for 20 h. Luciferase activities were
measured 24 h posttransfection using the Dual-Luciferase-Reporter Assay
System (Promega). Induction was calculated as the ratio of relative
luciferase activity from stimulated and non-stimulated samples. The
results (means ± SEM) of three independent experiments are shown. For
AR reporter experiments, dextran/charcoal-treated fetal bovine serum
(HyClone) was used. Dihydroxytestosterone (DHT, Fluka) was used at
10 nM.

Electrophoretic mobility-shift assay. Nuclear extracts from 293T cells
were prepared and analyzed by EMSA as described previously [14]. For
competition experiments, an excess of either cold or non-specific oligo-
nucleotides was incubated with nuclear extract for 10–15 min on ice prior
to addition of the probe.

Site-directed mutagenesis. Point mutations in HB01 were introduced
using the QuikChangeII kit (Stratagene). Sequencing was used to verify
that only the desired mutation was present.
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Fig. 1. HBO1 attenuates NF-jB activity induced by TNFa (A), p65/RelA (B)
expression vectors and indicated amounts (in lg) of HBO1 expression vector w
(= 100%).
Results

Repression of NF-jB transactivation by HBO1

Reports showing a repressive effect of HBO1 on hor-
mone-stimulated AR transactivation and mutual transcrip-
tional interference between p65/RelA and AR [10,11]
suggested that AR and HBO1 may regulate cooperatively
NF-jB. Therefore, we examined in 293T cells the effect
of HBO1 on NF-jB activation using luciferase reporter
assays. Cells were transiently cotransfected with increasing
amounts of HBO1 expression vector (pmyc-HBO1) and
then treated with TNFa. The results showed that HBO1
decreased the TNFa-mediated transactivation of NF-jB
in a dose-dependent manner (Fig. 1A). Comparable results
were obtained when expressing HBO1 without tag (pBud-
HBO1) or using a firefly luciferase reporter (pNF-jB-luc)
whose promoter contained five repeats of the NF-jB bind-
ing site (data not shown). These data indicated that the
repressive effect of HBO1 on TNFa-mediated NF-jB
transactivation was an intrinsic property of the protein
and was independent of the tag or the promoter upstream
of the firefly luciferase reporter gene.

Since HBO1 is almost exclusively localized to the nucle-
us [6], the effect of HBO1 on NF-jB activation by p65/
RelA, RelB, and cRel was investigated. NF-jB reporter
assays in 293T cells demonstrated that HBO1 inhibited
NF-jB transactivation by p65/RelA (Fig. 1B), RelB
(Fig. 1C), and cRel (Fig. 1D). Similar results were obtained
with the luciferase reporter (pNF-jB-luc) indicating that
the effect of HBO1 was independent of the promoter used
to express firefly luciferase. Cotransfecting 293T cells with
increasing amounts of p65/RelA and constant quantities
B

D

, RelB (C), and cRel (D). Fifty namograms of p65/RelA, RelB, and cRel
ere transfected. Results are expressed relative to the sample without HBO1
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of HBO1 demonstrated that HBO1 repression of NF-jB
activity could be overcome by excess p65/RelA. These
results suggested that either HBO1 and p65/RelA compet-
ed for coactivator(s) required for full transcriptional
activity of p65/RelA, or HBO1 interacted with p65/RelA
thereby reducing p65/RelA DNA binding and/or its tran-
scriptional activity.

Repressive activity of HBO1 on NF-jB signaling does not

require androgen receptor

Mutual transcriptional interference between p65/RelA
and AR has been described in COS-1 and CV-1 cells
[11]. Transient transfection experiments in 293T cells con-
firmed that AR was able to repress TNFa-mediated acti-
vation of NF-jB in the presence of DHT (Fig. 2A). Since
HBO1 has been shown to interact with AR and to repress
hormone-dependent AR transactivation in CV-1 and PC-
3 cells [6], we asked whether suppression of NF-jB by
HBO1 was mediated by hormone-activated AR. The
inhibitory activity of HBO1 on DHT-dependent AR sig-
naling was confirmed in 293T cells using pSLP�ARU-
Luc reporter (Fig. 2B). Then, 293T cells were cotransfect-
ed with expression constructs for cRel, HBO1, and/or
AR. The degree of downregulation of cRel transactivation
by HBO1 was not changed by the addition of DHT to the
culture medium (Fig. 2C). In contrast, repression of cRel
transactivation by AR was only observed with DHT
(Fig. 2C), corroborating that the assay system was capa-
ble of measuring hormone-dependent effects. These results
strongly indicated that NF-jB repression by HBO1 did
not require AR.

HBO1 repression occurs by competing for NF-jB

coactivators

To repress NF-jB transactivation, HBO1 could direct-
ly bind to the jB consensus sequence, interact with NF-
jB to prevent either DNA binding of NF-jB or forma-
tion of a fully active transcriptional complex, or compete
A B

Fig. 2. HBO1 suppression of cRel transactivation is independent of androgen
plasmids for NF-jB (A,C) or AR (B) and 100 ng pSG5-AR (A,C), 100 ng pmy
relative to TNFa and AR (A), AR with DHT (B), and cRel alone (C) set as
for NF-jB coactivators. To examine these possibilities,
293T cells were cotransfected with different combination
of HBO1 and/or p65/RelA, or treated with TNFa at
10 ng/ml for 10 min, 30 min, or 24 h. Nuclear extracts
were analyzed by electrophoretic mobility-shift assays
with an oligonucleotide corresponding to the jB site
(Fig. 3). No slower migrating probe was observed in cells
expressing HBO1 only (lane 2) showing that HBO1 does
not interact with the jB probe. Moreover, transfection of
HBO1 into cells overexpressing p65/RelA or stimulated
by TNFa cells did not affect the migration pattern or
the signal strength of the p65/RelA DNA complex (lanes
4, 6, 8, 10, and 12). These data underline that HBO1
repression is not caused by reducing p65/RelA DNA
binding or by direct interaction of HBO1 with p65/RelA.
The latter was confirmed by co-immunoprecipitation
experiments (data not shown). However, they are consis-
tent with a mechanism in which HBO1 interferes with
coactivator binding to the NF-jB transcriptional
complex.

The N-terminal serine-rich domain of HBO1 is required for
NF-jB inhibition

To map HBO1 domains responsible for repression of
NF-jB transcriptional activity, HBO1 deletion mutants
(Fig. 4A) were tested in p65/RelA-dependent NF-jB
reporter assays in 293T cells. Mutants with C-terminal
deletions (HBO1/1�473, HBO1/1�362, HBO1/1–245,
and HBO1/1–184; Fig. 4A) were able to repress NF-
jB activity to a similar level as observed with the
full-length HBO1 protein (Fig. 4B). The HAT domain
mutant HBO1G485D downregulated p65/RelA-mediated
NF-jB activity as the normal protein (data not
shown). In contrast, the N-terminal deletion mutant
HBO1/246�611 failed to show any inhibitory activity.
These results strongly argued that it is mainly the
N-terminal serine-rich domain of HBO1 (amino acids
1–184) which is required for inhibition of NF-jB
transactivation.
C

receptor. 293T cells were transfected as indicated with luciferase reporter
c-HBO1 (B,C), and 50 ng cRel expression vector (C). Results are expressed
100%.



Fig. 3. HBO1 does not compete with NF-jB for binding to cognate
DNA. EMSA was performed with 293T cells in 6-well plates treated as
follows: Transfection with 1.25 lg pmyc-HBO1 (lanes 2,4, 6, 8, 10, and
12), with RelA expression vector (250 ng in lanes 3–4; or 500 ng in lanes
5–6), or incubation with 10 ng/ml TNFa for 24 h (lanes 7–8), for 30 min
(lanes 9–10 and 13–15), and for 10 min (lanes 11–12). As controls,
nuclear extracts were preincubated with 10· (lane 13), 100· (lane 14)
molar excess of cold probe, or with 100· (lane 15) molar excess of non-
specific probe.
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Discussion

The acetyltransferase HBO1, characterized by the
MYST domain providing acetyltransferase function and
a unique but essential C2HC zinc finger, is involved in
DNA replication, cell cycle progression, and transcrip-
tional regulation [15]. Here, we demonstrated that
HBO1 inhibits in a dose-dependent manner NF-jB activ-
ity stimulated either by TNFa or by overexpression of
p65/RelA, RelB, and cRel. These findings support a role
of HBO1 in the regulation of nuclear events of the NF-
jB signal transduction cascade, which is consistent with
its nuclear localization. Analysis of HBO1 deletion
mutants indicated that the serine-rich N-terminal region
was required for NF-jB inhibition while the acetyltrans-
ferase activity was dispensable. This domain revealed no
significant sequence homologies to other nonorthologous
proteins with the exception of the region between amino
acids 180 and 212 which was related to CCHHC zinc-
binding domains found in the neural zinc finger factor/
myelin transcription factor family [16]. Two tandem
repeats of this motif are required for high-affinity inter-
action of these transcription factors with their cognate
binding sequence which is different from the NF-jB site
[16]. This explains why HBO1 despite the presence of
this motif is not binding to the jB sequence (see EMSA
data, Fig. 3). Furthermore, HBO1 was identified to
repress DHT-mediated AR transactivation which
required the region of HBO1 comprising amino acids
1–360 but not the C-terminal domain (amino acids
230–611) [6]. Although an intrinsically disordered struc-
ture is predicted for the HBO1 N-terminal domain using
DisEMBL [17], this does not necessarily preclude func-
tion because it has been suggested that absence of folded
globular structure may be required for specific molecular
function [18]. Since HBO1 plays a role in different bio-
chemical reactions the disordered structure of the
HBO1 N-terminal region may be required to get the flex-
ibility necessary for allowing interaction with structurally
different proteins. In summary, these results highlight the
importance of the serine-rich N-terminal region of HBO1
in repression of several transcription factors.

The results of EMSA experiments showed that HBO1
was not binding to the jB sequence since DNA binding
of p65/RelA was not prevented by overexpression of
HBO1. Furthermore, HBO1 was not interacting with
p65/RelA since the migration pattern of the p65/RelA
DNA complex was identical in the absence and presence
of HBO1 and co-immunoprecipitation experiments were
negative. Thus, we propose that HBO1 suppresses NF-
jB by squelching the interaction of NF-jB transcription
factors with coactivator(s) present in limiting quantities
and which have equal or higher affinity to HBO1 than
to NF-jB. There are numerous transcriptional coregula-
tors of NF-jB activity including CBP, SRC-1, PCAF,
TBP, TAF, TFIIB, Mediator, PC4, EIA 13S, TLS/
FUS, RAC3, 53BP2, and BRCA1 (see references in
[19]). The NF-jB coactivator SRC-1 is a good candidate
since co-immunoprecipitation and functional studies in
293T cells have shown that it interacts with the N-termi-
nus (amino acids 1–340) of HBO1 [7]. To explain the
repression of NF-jB signaling by HBO1, we propose a
model in which the N-terminal region of HBO1 binds
to and prevents the coactivator SRC-1 from interacting
with the NF-jB transcriptional complex, thereby decreas-
ing NF-jB activity.

In conclusion, we have identified HBO1 as a novel
negative regulator of NF-jB transactivation. The inhibi-
tory function can be ascribed to the serine-rich N-termi-
nal region of HBO1 which interacts with NF-jB
coactivators and interferes, when overexpressed, with
the formation of a fully active transcriptional complex.
Interestingly, higher levels of HBO1 mRNA have been
reported in breast cancer cell lines [20] suggesting that
aberrant HBO1 expression may be relevant in patholog-
ical situations.



Fig. 4. The N-terminal region of HBO1 is involved in repression of p65/RelA-mediated NF-jB transactivation. (A) Schematic overview of the deletion
mutants of HBO1 depicting the first and second putative zinc finger (ZnF1, ZnF2), and the histone acetyltransferase domain (HAT). (B) 293T cells were
transfected with NF-jB luciferase reporter plasmids, 50 ng p65/RelA expression vector and equimolar amounts of each HBO1 mutant expression vector.
Results are expressed relative to p65/RelA (=100%).

212 R. Contzler et al. / Biochemical and Biophysical Research Communications 350 (2006) 208–213
Acknowledgments

This work was supported by grants from the Swiss
National Science Foundation (3100A0-105459) and Onco-
suisse (OCS 01150-09-2001) to M.H. We are indebted to
Drs. Natoli, Claessens, and Stillman for their kind gifts of
plasmids, and to the members of the LBC group for helpful
discussions, and to Prof. R. Panizzon for his support.

References

[1] M.S. Hayden, S. Gosh, Signaling to NF-KB, Gene. Dev. 18 (2004)
2195–2224.

[2] G. Bonizzi, M. Karin, The two NF-kappaB activation pathways and
their role in innate and adaptive immunity, Trends Immunol. 25
(2004) 280–288.

[3] L.F. Chen, W.C. Greene, Shaping the nuclear action of NF-KB, Nat.
Rev. Mol. Cell Biol. 5 (2004) 392–401.
[4] M. Iizuka, B. Stillman, Histone acetyltransferase HBO1 interacts with
the ORC1 subunit of the human initiator protein, J. Biol. Chem. 274
(1999) 23027–23034.

[5] T.W. Burke, J.G. Cook, M. Asano, J.R. Nevins, Replication factors
MCM2 and ORC1 interact with the histone acetyltransferase HBO1,
J. Biol. Chem. 276 (2001) 15397–15408.

[6] M. Sharma, M. Zarnegar, X. Li, B. Lim, Z. Sun, Androgen receptor
interacts with a novel MYST protein, HBO1, J. Biol. Chem. 275
(2000) 35200–35208.

[7] M. Georgiakaki, N. Chabbert-Buffet, B. Dasen, G. Meduri, S.
Wenk, L. Rajhi, L. Amazit, A. Chauchereau, C.W. Burger, L.J.
Blok, E. Milgrom, M. Lombes, A. Guiochon-Mantel, H. Loosfelt,
Ligand-controlled interaction of HBO1 with the N-terminal trans-
activating domain of progesterone receptor induces SRC-1 depen-
dent co-activation of transcription, Mol. Endocrinol. 20 (2006)
2122–2140.

[8] H. Zong, Z. Li, L. Liu, Y. Hong, X. Yun, J. Jiang, Y. Chi, H. Wang,
X. Shen, Y. Hu, Z. Niu, J. Gu, Cyclin-dependent kinase 11(p58)
interacts with HBO1 and enhances its histone acetyltransferase
activity, FEBS Lett. 579 (2005) 3579–3588.



R. Contzler et al. / Biochemical and Biophysical Research Communications 350 (2006) 208–213 213
[9] Y. Doyon, C. Cayrou, M. Ullah, A.J. Landry, V. Cote, W. Selleck,
W.S. Lane, S. Tan, X.J. Yang, J. Cote, ING tumor suppressor
proteins are critical regulators of chromatin acetylation required for
genome expression and perpetuation, Mol. Cell 21 (2006) 51–64.

[10] B. Cinar, F. Yeung, H. Konaka, M.W. Mayo, M.R. Freeman, H.E.
Zhau, L.W. Chung, Identification of a negative regulatory cis-element
in the enhancer core region of the prostate-specific antigen promoter:
implications for intersection of androgen receptor and nuclear factor-
kappaB signalling in prostate cancer cells, Biochem. J. 379 (2004)
421–431.

[11] J.J. Palvimo, P. Reinikainen, T. Ikonen, P.J. Kallio, A. Moilanen,
O.A. Janne, Mutual transcriptional interference between RelA and
androgen receptor, J. Biol. Chem. 271 (1996) 24151–24156.

[12] G. Verrijdt, E. Schoenmakers, A. Haelens, B. Peeters, G. Verhoeven,
W. Rombauts, F. Claessens, Change of specificity mutations in
androgen-selective enhancers. Evidence for a role of differential DNA
binding by the androgen receptor, J. Biol. Chem. 275 (2000) 12298–
12305.

[13] T. Roger, J. David, M.P. Glauser, T. Calandra, MIF regulates innate
immune responses through modulation of Toll-like receptor 4, Nature
414 (2001) 920–924.

[14] T. Roger, T. Out, N. Mukaida, K. Matsushima, H. Jansen, R. Lutter,
Enhanced AP-1 and NF-kappaB activities and stability of interleukin
8 (IL-8) transcripts are implicated in IL-8 mRNA superinduction in
lung epithelial H292 cells, Biochem. J. 330 (1998) 429–435.

[15] R.T. Utley, J. Cote, The MYST family of histone acetyltransferases,
Curr. Top. Microbiol. Immunol. 274 (2003) 203–236.

[16] H.J. Berkovits-Cymet, B.T. Amann, J.M. Berg, Solution structure of
a CCHHC domain of neural zinc finger factor-1 and its implications
for DNA binding, Biochemistry 43 (2004) 898–903.

[17] R. Linding, L.J. Jensen, F. Diella, P. Bork, T.J. Gibson, R.B. Russell,
Protein disorder prediction: implications for structural proteomics,
Structure 11 (2003) 1453–1459.

[18] L.M. Iakoucheva, A.K. Dunker, Order, disorder, and flexibility:
prediction from protein sequence, Structure 11 (2003) 1316–
1317.

[19] H.R. Owen, M. Quadroni, W. Bienvenut, C. Buerki, M.O. Hottiger,
Identification of novel and cell type enriched cofactors of the
transcription activation domain of RelA (p65 NF-kappaB), J.
Proteome Res. 4 (2005) 1381–1390.

[20] J. Clark, S. Edwards, M. John, P. Flohr, T. Gordon, K. Maillard, I.
Giddings, C. Brown, A. Bagherzadeh, C. Campbell, J. Shipley, R.
Wooster, C.S. Cooper, Identification of amplified and expressed genes
in breast cancer by comparative hybridization onto microarrays of
randomly selected cDNA clones, Gene. Chromosome. Canc. 34
(2002) 104–114.


	Histone acetyltransferase HBO1 inhibits NF- kappa B activity  by coactivator sequestration
	Materials and methods
	Results
	Repression of NF- kappa B transactivation by HBO1
	Repressive activity of HBO1 on NF- kappa B signaling does not require androgen receptor
	HBO1 repression occurs by competing for NF- kappa B coactivators
	The N-terminal serine-rich domain of HBO1 is required for NF- kappa B inhibition

	Discussion
	Acknowledgments
	References


