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Abstract

HBOI1 complexes are major acetyltransferase responsible for histone H4 acetylation in vivo, which belongs to the MYST
family. As the core catalytic subunit, HBO1 consists of an N-terminal domain and a C-terminal MYST domain that are in
charge of acetyl-CoA binding and acetylation reaction. HBO1 complexes are multimeric and normally consist of two native
subunits MEAF6, ING4 or INGS5 and two kinds of cofactors as chromatin reader: Jade-1/2/3 and BRPF1/2/3. The choices
of subunits to form the HBO1 complexes provide a regulatory switch to potentiate its activity between histone H4 and H3
tails. Thus, HBO1 complexes present multiple functions in histone acetylation, gene transcription, DNA replication, protein
ubiquitination, and immune regulation, etc. HBOI is a co-activator for CDT1 to facilitate chromatin loading of MCM com-
plexes and promotes DNA replication licensing. This process is regulated by mitotic kinases such as CDK1 and PLK1 by
phosphorylating HBO1 and modulating its acetyltransferase activity, therefore, connecting histone acetylation to regulations
of cell cycle and DNA replication. In addition, both gene amplification and protein overexpression of HBO1 confirmed its
oncogenic role in cancers. In this paper, we review the recent advances and discuss our understanding of the multiple func-
tions, activity regulation, and disease relationship of HBO1.
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core catalytic subunit in multimeric complexes established
by cofactors and accessory proteins. Thus, HBO1 affords
multiple functions in various processes such as DNA rep-
lication, gene transcription, protein ubiquitination, immune
regulation, stem cell pluripotent and self-renewal mainte-
nance as well as embryonic development [3, 6].

Acetylation is a universal protein modification regulating
various cellular events of cell cycle, gene transcription, sign-
aling transduction, RNA splicing and cellular metabolism,
etc. For histone, acetylation unfolds the chromatin to facili-
tate proteins accessing DNA that to be replicated or tran-
scribed. Proteomics studies revealed that acetylation hap-
pens in every aspect of the cells and thousands of proteins
were acetylated [7-9]. The addition or removal of the acetyl
group at the lysine residue is realized by lysine acetyltrans-
ferase (KAT) and deacetyltransferase, respectively. Except
for the non-canonical members, KATs mainly consists of
three family: GCNS5 (also known as KAT2A), CBP/p300
(also known as KAT3A, KAT3B), and MYST. Owing to
their critical functions in transcriptional regulation and the
abundant activities, CBP/p300 contributes to the acetylation
of two-thirds of known sites [10]. In comparison, HBOL1 is
less represented and far from elucidated, although it is highly
conserved and widely expressed from yeast to human. The
mechanism regarding HBO1 acetyltransferase activation
and activity regulation, subunits interactions, and substrate
specificity is critical questions to be studied. In addition,
the high expression of HBOI in tissues such as testis and
ovary and even cancers is recently focused and unraveled
interesting discoveries.

In this review, we summarize the discovery of HBOI,
analyze the structure and elucidate its important roles in
histone acetylation, DNA replication, immunity and cancers.
Interestingly, through the virtual simulation of the protein
structure of HBO1, one possible way regarding of HBO1
activation and the regulatory role of N terminal-domain was
proposed. The potential of HBO1 as a target for cancer ther-
apy and strategies for inhibitor design were also discussed.

Structure and functions of HBO1

HBO1 is a member of the MYST acetyltransferase
family

HBOI1 was first identified and designated in a yeast two-
hybrid analysis using DNA replication initiator subunit
ORC1 as the bait protein from a HeLa cell cDNA library
[11]. As the gene product of KAT7 (lysine acetyltrans-
ferase 7), human HBOI is a 611 residue protein that mainly
consists of two domains: an N-terminal domain (NTD)
contains a short zf-C2HC DNA-binding motif that inter-
acts with MCM?2 and ORC1 [12], a C-terminal MYST
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acetyltransferase domain responsible for acetyl-CoA bind-
ing and acetylation reaction (Fig. 1a) [13]. MYST domain
is a highly conserved acetyltransferase domain shared by
the MYST family such as MYST1 (MOF/KATS), MYST2
(HBO1/KAT7) and MYST3 (MOZ/KAT6A) (Fig. 1b). The
MYST domain (from 340 to 607 a.a.) of HBO1 showed
61.567% identity with that of human KAT6A. Exception-
ally, HBO1 comprises a cervical-loop structure proximity
to the MYST domain that mediates the interaction with the
N-terminal region (residues 31-80) of BRPF2 (also known
as BRD1) [13], for BRPF2 is a cofactor directing HBO1
binding to the histone. In addition, the N-terminal region
is highly conserved among BRPF1/2/3 and may provide a
similar way for HBO1-BRPF interactions. In contrast, little
is known about the NTD of HBOI, for no crystal structure is
available. Apart from the short zf-C2HC motif, the sequence
of NTD does not match any known motif. Nevertheless,
through virtual simulation, we found that NTD exhibits
abundant loop and a number of helix (Fig. 1c). In view of
the evidence that in vitro-expressed full-length HBO1 exerts
less acetylation activity compared to that of the separate
MYST domain [14], NTD may provide a regulatory switch
for HBOI activity (discussed in “Acetylation and autoacety-
lation regulates HBO1 activity”). Thus, refined structure of
the full-length protein and structure analysis will elucidate
the mechanism of HBO1 activity regulation.

HBO1 regulates gene transcription

HBOI is a multifunctional protein not only participates in
protein acetylation but also regulates gene transcription [15],
protein acylation (propionylation) [16], and protein ubiqui-
tination [17] (Fig. 2a). Sas2 (MYST! in humans) and Sas3
(MYSTS3 in humans) are MYST family homologs in yeast,
which contains a conserve MYST domain and function as
transcriptional silencers. Consistently, human HBO1 is iden-
tified as a partner of androgen receptor (AR), in which its
serine-rich N-terminus is responsible for the association with
AR. Besides, HBO1-AR interaction is ligand (dihydrotestos-
terone, etc.) promoted and the N-terminus of HBOI acts as
a suppressor in AR-mediated transcription [15] (Fig. 2b).
Similarly, the transcriptional activity of NF-kB complexes is
sequestrated by HBO1 through its N-terminal domain. How-
ever, this inhibition does not guaranty the direct associa-
tion of HBO1 with NF-kB, and instead, HBO1 sequestrated
an essential cofactor of NF-xB [18]. In contrast to AR and
NF-«B, both progesterone receptor (PR) and steroid recep-
tor co-activator (SRC1) interacts with the MYST domain
of HBO1 through their N-terminal transactivation domains.
HBOI1 enhances coactivation of PR-mediated transcription
through HBO1-PR-SRC1 complex-mediated chromatin
remodeling [19, 20]. Recently, HBO1 is reported to partici-
pate in transcriptional regulation in alternative complexes



Deciphering structure, function and mechanism of lysine acetyltransferase HBO1 in protein... 639

& PLK1 CDK1
S57 T85/T88

v ¥ zf-C2HC(184-212)

hsHBO1
L

N-terminal domain (NTD)

Fig.1 HBOI is a MYST lysine acetyltransferase. a HBO1 consists
of the N-terminal domain (NTD) and MYST domain. b HBO1 com-
prises a conserved MYST domain in the C-terminus. Cartoon models
indicate the highly conserved MYST domain of protein family mem-
bers MYST1 (also known as MOF or KATS) (177-449 a.a, PDB:
SWCI), HBOI (also known as MYST2, or KAT7) (336-606 a.a,
PDB: 5GK9), and MYST?3 (also known as MOZ, or KAT6A) (497-

such as HBO1-SIX1 and HBO1-Niam [21, 22]. Moreover,
HBO1 encourages tissue-specific gene expression, for it was
newly identified participating in intragenic histone acetyla-
tion and mediated Pol II binding in regulating the expres-
sion of endothelial VEGFR-2 [23]. Howeyver, the exact role
and mechanism regarding of HBO1 acetyltransferase com-
plexes in transcriptional activation or suppression remains

MYST(390-577)
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4
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780 a.a, PDB: 20ZU). BRPE2 (also called BRD1) binds to HBO1 in
a cervical-loop structure proximity to the MYST domain to facilitate
histone binding. ¢ NTD of HBOI1 consists of a number of loops and
a small part of the helix. The structure is highly flexible, which may
provide abundant conformation changes for HBO1 activity regulation
or protein binding

elucidated, especially the function of HBO1 acetyltrans-
ferase activity in gene transcription regulation. Normally,
HBO1-mediated histone acetylation enables the accession of
transcriptional factors to the chromatin and regulates the ini-
tiation of transcription [24]. Alternatively, HBO1 complexes
occupied the coding region to afford a direct role in tran-
scriptional elongation [25]. Besides, HBO1 might acetylate
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Fig.2 HBOI is a multifunctional acetyltransferase. a HBO1 displays
the activities of acetyltransferase, propionyltransferase, transcriptional
activation or repression and ubiquitin E3 ligase. b HBO1 affords tran-
scriptional activation activity toward SRC-1a/PR, whereas suppresses
the activity of NF-kB and AR. ¢ In the assembly of prereplicative
complexes in late mitosis, HBO1 binds to CDTI, recognizes and

the transcriptional factors and change their protein—protein
interactions. Additional evidence is needed to clarify the role
of HBOI and its activity in regulating gene transcription.

HBO1 facilitates chromatin loading of MCM
complexes and promotes DNA replication licensing

Eukaryotic DNA replication licensing is a successive pro-
cess involving the recognition of the replication origins, pre-
replicative complexes loading to the origins and initiation of
replication forks. These tightly regulated steps require key
factors such as ORCs, CDC6, CDT1 and MCM (minichro-
mosome maintenance complexes) [26, 27]. Recent evidence
employs the indispensable roles of HBO1 in chromosome
remodeling and DNA replication [12, 28-30] (Fig. 2c).
Loading of MCM complexes to chromatin is the final step
of the prereplicative complexes assembly. CDT1 and CDC6
are two well-characterized factors in this process. Abroga-
tion of HBOI1 activity caused by either RNA interference or
dominant negative mutation (S57A, etc.) did not affect the
recruitment of ORC, CDC6 and CDT]1 to replication ori-
gins, but remarkably impaired the loading of MCMs to the
origins and subsequently delayed DNA replication licensing
[28, 30, 31]. However, the mechanism regarding how HBO1
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acetylates N-terminal tail of histone H4, and facilitates the loading of
MCM complexes to the chromatin. Binding of Geminin to CDT1 or
HBOL1 inhibits both the licensing activity of CDT1 and acetyltrans-
ferase activity of HBO1, which might provide a strategy to inhibit
DNA rereplication. d HBO1 is targeted for ubiquitin-mediated degra-
dation by two E3 ubiquitin ligases CRL4 and SCF complexes

facilitate MCM loading and the involved protein—protein
interactions remains elucidated. HBO1 is proposed to be
the mediator of CDT1 and MCMs. Since HBO1 directly
interacts with CDT1 and co-expression of HBO1 with CDT1
remarkably promotes replication licensing and causes rerep-
lication; overexpression of HBO1 alone does not [28, 32].
In stress response, phosphorylation on CDT1 inhibited its
interaction with HBO1 and prevented DNA replication [33].
Thus, HBOL is a co-activator for CDT1 in DNA replication
licensing.

Interestingly, CDT1-HBO/1 interactions do not require
the endogenous CDT1 inhibitor Geminin and in turn
Geminin inhibits both the activity of CDT1 and HBOI1
in DNA replication licensing. Similarly, in response to
genotoxic stress, activated p53 physically interacted
with HBOI and inhibited its acetyltransferase activity to
prevent DNA rereplication [14]. However, the function
of HBO1 in DNA replication was first implicated from
the interaction of ORC1 and HBO1 [11], for their physi-
cal interactions are confirmed both by yeast two-hybrid
analysis and protein—protein immunoprecipitations. Thus,
how CDT1, HBOI1, and ORCI1 act in concert with other
replication factors to corporately establish the prerepli-
cative complexes in the spatial-temporal order remains
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elucidated. Moreover, it is proposed that HBO1 performs
its functions based on its cellular locations, since only the
origin associated but not the other chromatin-associated
HBOI1 enables to promote DNA replication licensing [28].
In other words, HBO1 should distinguish different types of
chromatin; there are cofactors potentiate the specificity of
its activity. An interesting hypothesis is that HBO1 acts as
a guide to switch on DNA replication origins through its
acetyltransferase activity on histone tails [34]. However,
the low absolute binding affinity of HBO1 with chroma-
tin suggests that there are potential cofactors responsible
for replication origin recognition. In fact, it was already
reported that HBO1 regulates histone turnover and het-
erochromatin organization. Interaction with M18BP1
(Mis18-binding protein 1) bridges the acetylation activity
of HBO1 to centromere chromatin and enhanced centro-
meric CENP-A assembly, thus preventing the spread of
heterochromatin to centromere [35]. From the evidence
aforementioned, dissecting location-specific activity of
HBO1 on high-order chromatin structure will deepen our
knowledge on the DNA replication initiation and chromo-
some organization.

HBO1 can be either ubiquitinated or act
as an ubiquitin ligase

Two ubiquitin complexes are identified to destabi-
lize HBO1, the CRL4 and SCF complexes (Fig. 2d). In
response to DNA damage, HBO1 is degraded by DDB2-
mediated CRL4 (Cullin-4/DDB1/RBX1) complexes that
results in cell proliferation inhibition [36, 37], whereas
in response to endotoxin, SCF (SKP1/Cullin-1/Fbxw15)
complex-mediated HBO1 ubiquitination at Lys338 and
degradation to regulate cell proliferation [38]. Phospho-
rylation is required in both the CRL4 and SCF complex-
mediated HBO1 degradation pathways, although different
kinases ATM/ATR or Mekl1 are involved. On the contrast,
USP25-mediated deubiquitination stabilizes HBO1 in
response to lipopolysaccharide-induced inflammatory
reaction, thus enhances HBO1-mediated inflammatory
gene transcription [39]. In addition to be ubiquitinated,
HBOI1 performs as an E3 ubiquitin ligase toward ERa to
promote its proteasomal degradation in breast cancers
[17, 40]. Besides, the cofactors of HBO1 complexes are
found to act as E3 ligase, for example Jade-1 ubiquity-
lated pB-catenin and mediated inhibition of the Wnt path-
way [41]. However, it is necessary to authenticate which
domain of HBOI actually affords the activity of ubiqui-
tylation. And it is interesting to decipher the integrity of
HBOI1 complexes in the process of protein ubiquitina-
tion to distinguish whether it is HBO1 or its components

independently exert E3 ubiquitin activity or relay on the
complete HBO1 complexes.

HBO1 is required for T cell development
and immune regulation

HBOI associated histone acetylation participates in immune
system regulation, especially for T cells. Depletion of HBO1
was associated with obvious abrogation of peripheral mature
T cells, for HBO1 deficiency leads to decrease of the global
H3K14 acetylation and impairs T cell survival. Thus, HBO1-
mediated global H3K 14 acetylation is critical to the normal
development of the immune system [42]. Consistently in
T cell development, depletion of BRPF2 in haematopoi-
etic progenitors results in variegated CD8 expression due
to the inefficient activation of Cd§ expression. Since as the
subunit of HBO1 complexes, BRPF2 localized at the known
enhancers of Cd8 gene and augmented the activity of HBO1
complexes for acetylation on H3K 14 resulting in enhanced
chromatin relaxation for subsequent transcriptional factors
recruitments for full activation of Cd8 locus [43]. Moreover,
in immune-related disease, HBOL1 is upregulated in synovial
fibroblasts, which are the key pathogenic factors contrib-
uting to the development and progression of rheumatoid
arthritis (RA) [44]. Modulation of the histone acetylation
could be an approach adopted by a human T cell leukemia
virus mediated by its protein HBZ (HTLV-1 basic zipper
factor) during pathogenesis. HBZ interacts with HBO1
and inhibits its acetylation activity to reduce pS3-mediated
transcription activation of p21/CDKNI1A and Gadd45a, and
subsequently delays G2-cell cycle arrest [45]. These results
aforementioned indicated the immune regulatory functions
of HBOL. Further research is needed to identify the factors
connecting HBOI1 to the immune-regulatory signaling path-
ways and unravel the functions of immune system-specific
HBOL1 activity.

Regulation of HBO1

HBO1 acetyltransferase complexes and activity
regulation

Multiple functions of HBO1 are realized by the formation
of protein complexes with different cofactors or partner
proteins. These proteins were manually selected and sub-
jected to STRING analysis of functional protein—protein
association (http://string.embl.de) [46]. The results showed
that the above proteins mainly belong to the components
of HBO1 acetylation complexes, DNA replication licensing
factors, transcriptional factors, kinases and protein ubiqui-
tination complexes (Fig. 3a). Cofactors of HBO1 such as
MEAF6 (also known as hEAF6), ING1/3/4/5, Jade-1/2/3,
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Fig.3 Regulation of HBOI1 acetyltransferase activity. a References
based protein—protein interaction networks of HBO1 with its cofac-
tors and partner proteins. b HBO1 forms complexes with MEAF6,
ING4, ING5 or BRPF1, BRPF2, BRPF3 or Jade-1, Jade-2, Jade-3,
for binding to and acetylation histone H3 or H4. JADE1/2/3 directs
acetylation toward the H4 tail (K5, K8 and K12), whereas BRPF1/2/3
targets H3 acetylation (K14). ¢ Schematic diagram presented the
sequence alignment of HBO1 among species. The vertical lines rep-
resent residue variants between the species. HBOI is a conserved and
widely expressed lysine acetyltransferase. However, there is a dele-
tion (from 55 to 110 a.a.) in xenopus, zebrafish or partial tissues of
mouse (brain/central nervous system or retina) in the N-terminus of
HBOL. Interestingly, this sequence does not match any known motifs
but consists of serine/threonine residues in rich abundance that may

@ Springer

Phosphorylation

linker

—

Phosphc;rylation?
Acetylation?
Cofactror binding?

Histone tail

serve as phosphorylation sites for kinases such as CDKs and PLK1.
d Lys432 is a conserved site in the MYST domain shared by MYST
protein family located near the binding site of acetyl-CoA. It is autoa-
cetylation and may regulate acetyltransferase activity and protein sta-
bility. e A proposed model suggests that NTD provides a regulatory
switch for HBO1 activity. HBO1 includes two separate domains, the
NTD (N-terminal domain) and MYST domain connecting by a hinge
region. The close interaction of NTD with MYST domain rigidi-
fies the full activation of HBO1 complexes, whereas conformation
changes induced by modifications such as phosphorylation and acet-
ylation, or binding of cofactor and substrate release MYST domain
from the inhibition of NTD and subsequently switch the full activity
of HBO1
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and BRPF1/2/3 were introduced and connected to HBO1.
The tumor suppressor p53, adipogenesis regulator FAD24
(factor for adipocyte differentiation 24, also called NOC3L)
and cell cycle kinases CDK1, CDK2, CDK11 and PLK1 are
linked to HBO1 [31, 47-50]. Moreover, cell growth inhibi-
tor Niam and homeobox protein SIX1 that potentiates the
Warburg effect by interaction with HBO1 are also presented
[21, 22].

From so far have been identified, HBO1 complexes
mainly consist of accessory proteins MEAF6, ING4 or
INGS, and two types of cofactors for chromatin binding:
Jade-1/2/3 and BRPF1/2/3 (Fig. 3b). In fact, INGI, 3, 4,
and 5 have been observed in HBO1 complexes [4, 51]. Both
ING4 and INGS are native subunits of HBO1 complexes
belonging to the ING tumor suppressor family, which regu-
lates cell cycle and apoptosis. ING4/5 forms homodimers or
heterodimers through the N-terminal domain and recognizes
histone H3 lysine 4 trimethylation (H3K4me3) through the
C-terminal PHD domain to recruit HBO1 complexes to the
histone tails [51-53]. The Jade family consists of Jade-1
(also called PHF17), Jade-2 (PHF15) and Jade-3 (PHF16)
each containing two PHD domains. Jade-1 is the fundamen-
tal cofactor for HBO1 acetyltransferase complexes. Abro-
gation the expression of Jade-1 caused global decrease in
acetylation level of histone H4, and in turn, co-expression of
Jade-1 positively regulates HBO1 acetyltransferase activity
and acts in concert with ING4/5 to promote HBO1-mediated
histone acetylation [53-55]. Besides, Jade-1 dynamically
binds to chromatin in a cell cycle-dependent manner and
specifies HBO1 acetyltransferase activity on H4 [56-58]. In
addition to PHD domain, BRPF1/2/3 comprises a bromodo-
main that binds to acetyllysine residues. BRPF proteins are
well-established to potentiate HBO1 activity toward histone
H3, especially Lys14 (H3K14) [59]. Depletion of the cofac-
tors or disruption of their interactions with HBO1 will obvi-
ously impair its activity toward substrate in vitro and in vivo,
for bacterial expressed HBO1 showed low activity without
the binding of cofactors [13].

Phosphorylations regulate HBO1 activity
and connect it to the cell cycle

The acetyltransferase activity of HBO1 is cell cycle oscil-
lated that it is low in S phase, reaches to the maximum in
G2/M, and maintains through G1, whereas the total pro-
tein level of HBOL1 is slightly changed [30], indicating the
post-transcriptional regulations on HBO1 activity. The
N-terminal domain of HBO1 comprises abundant serine/
threonine residues that can be phosphorylated. HBO1
is highly conserved and only a few residue variants exist
between human, swine, canine and mouse (Fig. 3c¢). How-
ever, there is a sequence from 55 to 110 a.a in human HBO1
that does not match with any motifs but provides critical

serine/threonine sites (Ser57, Thr85, Thr88, etc.), for kinases
such as CDKs and PLK1 [31]. It is interesting to discover
that in xenopus, zebrafish or mouse of special tissue (brain/
central nervous system or retina) HBO1 coincidently lost
these residues (Fig. 3c¢). Phosphorylation of Thr85/Thr88
by CDK1 provides a docking site for the subsequent phos-
phorylation of HBO1 on Ser57 by PLK1. The classical
CDK1/PLK1-mediated sequential phosphorylation regula-
tion is restricted to mitosis, when both CDK1 and PLK1
achieved their full activities. Inhibition of PLK1 or CDK1
with RNA interference decreases the acetylation levels
of histone H4 and delays DNA replication, indicating the
impairment of HBO1 activity [31]. In addition, CDK11 (also
called CDC2L1) physically interacts and co-localizes with
HBOL1 in the nucleus. CDK11 phosphorylates HBO1 and
strongly enhances its activity both in vitro and in vivo [49].
These results suggested that HBO1 is associated with the
key events of the cell cycle, especially in mitosis through
physical interaction with PLK1 and CDKI.

Acetylation and autoacetylation regulates HBO1
activity

HBO1 is multiple acetylated in which contains autoacetyla-
tion [9]. It is interesting to find out how HBO1 is acetylated
and whether acetylation or autoacetylation regulates the
activity of HBOI1. Inhibition of histone deacetyltransferases
(HDACs) by MS-275 or knockdown of SIRT1 resulted in
two- or tenfold increase in the acetylation level of HBOI,
respectively [9, 60], and this regulation mainly occurred on
Lys199 (K199) within the residues “HLTGK (ac) HER”
in humans (or Lys201 in mice). In contrast, acetylation
at another conserve site Lys279 (or Lys277 in humans) in
“RNSGLSK(ac)EQ” is downregulated in response to heat
or X-ray treatments in mouse testis, indicating its functions
in spermatogenesis [61]. The above two sites are specifi-
cally found in HBOI. In contrast, Lys432 is another con-
serve acetylation site but shared by the MYST protein fam-
ily [9, 62, 63] (Fig. 3d). It is acetylated in high abundance
and locates near the acetyl-CoA-binding site, suggesting its
potential regulatory role in HBO1 activity or substrate/chro-
matin binding. However, studies in hMOF (also known as
MYST1 or KAT8) showed that autoacetylation of Lys432
only slightly modulates enzyme activity [64], but regulates
cellular protein stability [65]. In view of the highly conser-
vation of this site among MYST proteins, a similar regula-
tory way may be used by HBO1. Hence, further evidence
is needed to unravel the mechanism how acetylation regu-
lates HBO1 activity and its interactions with cofactors or
substrates. Apart from autoacetylation, it is remains unclear
which KATs acetylate HBO1. Based on the database and
sequence preference, KATS or KATS is predicted to acety-
late Lys199 and Lys432 of HBO1 by software GPS-PAIL
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2.0 [66]. Besides, HBOI1 exerts significant acetyltransferase
activity on proteins such as ORC2, MCM2, CDC6, and
Geminin in in vitro assays, although non-histone substrates
of HBOI1 have not yet clearly identified, [30]. Thus, it is
interesting to confirm the cellular acetyltransferase activity
of HBOI1 to the above factors and decipher the underlying
regulatory mechanism involved.

Moreover, there is likely an intrinsic regulatory way of
HBO1 acetylation activity. It is well established that separate
MYST domain exerts higher activity than the full-length
HBOI containing an extra serine-rich N-terminal domain
(NTD) [13, 14]. It is proposed that the close interaction of
NTD with MYST domain serves as an impediment for the
full acetyltransferase activity, whereas conformation changes
by protein modifications such as phosphorylation (at S57,
T85/T88, etc.), acetylation, and cofactor/substrate binding
push away the NTD and switch on the full activity of the
MYST domain (Fig. 3e). In other words, MYST domain is
released from the inhibition of NTD and turned the rigidi-
fied status to the active form (Fig. 3e). Thus, dissecting the
molecular structure of full-length HBO1 will greatly deci-
pher the mechanism of HBO1 activity regulation and its cel-
lular location-specific activity.

HBO1 and cancer
HBO1 is a potential anti-cancer target

Using integrative RNA-seq data to classify gene expres-
sion across human tissues [67], we presented a heatmap to
display the expressions of KATs. HBO1, KAT2A, KAT3B
and KATS are the most abundant KATs expressed in human
normal tissues, especially in the testis and ovary (Fig. 4a).
Northern blotting confirmed the ubiquitous expression of
HBOI transcript, especially with high expression in the tes-
tis or ovary [15, 67]. In addition, the cofactors of HBO1
such as MEAF6, ING4, BRPF2, BRPF3, Jade-1, and Jade-2
all are coincidently expressed in testis, ovary, bone mar-
row and thyroid [67] (Fig. 4b). According to information
from the integrative RNA-seq database (http://www.cbiop
ortal.org) [68], HBOI is overexpressed among cancers due
to gene amplification (Fig. 4c-d). For instance, in prostate
cancer, gene amplification occurs with a frequency of 20%.
In contrast, HBO1 presents a somatic mutation frequency of
0.4%, in which 86.98% (167/192) is contributed by a mis-
sense mutation (Fig. 4e). It will be important to decipher
the effects of these mutations on the activity of HBOI1, as
well as its binding affinity to the cofactors. Consistently,
HBOLI is found to promote cell proliferation in bladder and
breast cancer [69—71] or even contribute to gemcitabine
resistance in pancreatic cancer [72]. The overexpression of
HBOL1 is connected to a poor prognosis in gastric cancer
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[73]. The components of HBO1 acetyltransferase complexes
and related downstream pathways may also contribute to the
activity of HBO1 in cell proliferation [21, 59, 74]. For exam-
ple, Jade-2-mediated HBO1 acetylation activity enhanced
the expression of mechano-transductor signaling factor
YAPI1 to modulate cell elasticity in ovarian cancer [75].
Besides, mutations in ING4 or INGS5 destabilize the protein
and contribute to tumorigenesis [76, 77]. However, HBO1
is essential for global acetylation of histone H3K4 and H4,
thus the acetylation activity of HBO1 may also induce the
expression of anti-cancer genes such as Brahma [78]. In
acute myeloid leukemia, HBO1 expression is suppressed
associated with the decease of global H4KS5 acetylation
[79]. Interestingly, a fusion of nucleoporin-98 (NUP9S)-
HBO1 was newly identified in a patient with chronic myelo-
monocytic leukemia (CMML). NUP98-HBO1 is sufficient
to generate CMML pathogenesis through aberrant histone
acetylation on the promoter of oncogene such as HOXA9
[80]. Therefore, it is necessary to decipher the functions of
HBOL in specific types of cancers, especially from different
genetic backgrounds.

Design of HBO1-targeting molecules and their
applications

HBOL1 is overexpressed in a number of cancers such as
breast, prostate and gastric cancer. It is reasonable to inter-
fere with the gene expression of HBO1 or block its acetyl-
transferase activity for the inhibition of cancer. Based on
the structure, MYST domain of HBO1 contains two typical
sites for molecule binding, the acetyl-CoA-binding site and
histone tail binding site. However, the extraordinary simi-
larity of MYST domain of HBO1 with the rest of MYST
family members may act as a barrier for obtaining HBO1-
specific molecules [81]. Therefore, innovative design of
HBOI-targeting molecules should be useful. From virtual
simulation, there are three possible sites for molecule design
in the MYST domain (Fig. 5a), in which the BRPF2-binding
site (1#, Fig. 5a) may be the optimal option. BRPF2 binds to
HBOI on the hinge connecting the NTD and MYST domain,
thus it is reasonable to develop BRPF2-mimic peptides or
molecules for disrupting HBO1-BRPF2 interaction and
subsequently prevent the binding of HBO1 to chromatin. It
should be an optimal strategy to overcome the difficulty of
designing HBO1-specific inhibitor. In addition, the acetyl-
CoA-binding site (2#) and the positive pocket site (3#) pro-
vide options (Fig. 5a). From aforementioned (“Acetylation
and autoacetylation regulates HBO1 activity”), the interac-
tion between the NTD and MYST domain may provide a
regulatory switch for HBO1 activity. If this model works,
it is possible to design molecules through which modulat-
ing the HBO1 activity by interfering the interactions of
NTD-MYST domain. Besides, microRNA is another way
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highly expressed among cancers. d HBO1 gene is generally amplified
in cancer genome. e Distribution of mutations in HBO1 from integra-
tive sequencing data. Extended data can be accessed through http://

www.cbioportal.org

Fig.4 The expression of HBO1 and the KATs in normal tissue and
cancers. a, b In normal tissue, HBO1 and its cofactors MEAF®6,

ING4, BRPF2, BRPF3, Jade-1, and Jade-2 are abundant and coinci-

dently expressed in testis, ovary, bone marrow and thyroid. ¢ HBOL1 is
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HBO1 MYST domain 4
(336-606 a.a) (PDB: 5GK9)*~

HBO1 mRNA <4

MMM DG DI M ™A

Position 2441-2447
of HBO13 UTR 5 UGGAGUGCAGUGGCGEAGLULIYG...

Hsa-miR-548a-3p 3' CGUUUUCAUUAACGGUCAAAAC

7mer-m8 site

Fig.5 Design of targeting molecules and potential strategies for
HBOL1 inhibition. a MYST domain of HBOI contains abundant sites
for molecule binding. BRPF2-binding site (#1), acetyl-CoA-binding
site (#2) and positive charge pocket (#3) provide potential sites for
inhibitor binding. b miRNA is another approach for the regulation of
HBOL1 expression. For example, Hsa-miR-548a-3p is predicted to tar-
get on a 7mer-m8 site of 3’ UTR to inhibit HBO1 gene expression

to regulate HBO1 expression. For example, microRNA-
548a-3p has been shown to target SIX1 to repress HBO1
acetyltransferase activity-mediated glycolytic function of
SIX1 [21]. Interestingly, computational screen of miRNA
targets indicates that Hsa-miR-548a-3p is also targeted to
HBO1 3’ UTR with a 7mer-m8 site, suggesting the possi-
ble regulation of HBO1 by miRNA (Fig. 5b). In summary,
further research in developing HBO1-targeting molecules
will certainly contribute to understanding the mecha-
nism of HBO1 regulation and have potential therapeutic
applications.

Conclusion and perspectives
Compelling evidence increasingly deciphers the multiple func-

tions of HBO1 in DNA replication, gene transcription, immune
regulation, and cancers, etc. However, in-depth elucidation

@ Springer

of the mechanism regarding HBO1 acetyltransferase activa-
tion and its substrate specificity, especially the role of NTD
in HBOLI activity regulation is needed. Full-length structure
of HBOI available in future is critical to decipher the mecha-
nism of HBO1 activation, the interaction between the NTD
and MYST domain, the binding to cofactors and is required
for designing HBO1-targeting molecule. Apart from histone
H3 and H4, non-histone substrates of HBO1 remained to be
characterized. High abundant acetylation was found in HBO1
and its cofactors such as ING4, INGS, Jade-1, BRPF2, and
MEAF6. However, it is remains unclear whether the HBO1
activity that contributes to acetylation of these cofactors need
to be characterized. Although MEAF®6 is the native component
of HBO1 complexes, how MEAF®6 interact with HBO1 and its
functions in HBOI activation, activity regulation and substrate
specificity, e.g., are far from well elucidated. In addition, tissue
specific acetyltransferase activity of HBO1 and its relation-
ship to disease requires special focus since HBO1 is highly
expressed in testis or ovary. Although integrative RNA-seq
data have indicated the gene amplification and overexpression
of HBO1 in a number of cancers, its clear functions in cancer
cell proliferation and invasive migration remain elucidated.
Bona fide in vitro and in vivo evidence are needed to evaluate
whether HBOI is a promising target. Virtual screening and
molecular design may be useful to obtain preliminary com-
pounds that target HBO1. Collectively, in-depth elucidation
of the properties of HBO1 and its protein complexes will help
present a full story of HBO1 functions and pave a new avenue
for applications such as disease therapy.
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