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Abstract

The monocytic leukemic zinc finger (MOZ) histone acetyltransferase (HAT) plays a role in acute 

myeloid leukemia (AML). It functions as a quaternary complex with the bromodomain PHD 

finger protein 1 (BRPF1), the human Esa1-associated factor 6 homolog (hEAF6), and the inhibitor 

of growth 5 (ING5). Each of these subunits contain chromatin reader domains that recognize 

specific post-translational modifications (PTMs) on histone tails, and this recognition directs the 

MOZ HAT complex to specific chromatin substrates. The structure and function of these 

epigenetic reader modules has now been elucidated, and a model describing how the cooperative 

activity of these domains regulates HAT activity in response to the epigenetic landscape is 

proposed. The emerging role of epigenetic reader domains in disease, and their therapeutic 

potential for many types of cancer is also highlighted.
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The monocytic leukemic zinc-finger (MOZ) histone acetyltransferase (HAT) functions as a 

quaternary complex with the bromodomain PHD finger protein 1 (BRPF1), the human Esa1-

associated factor 6 homolog (hEAF6), and the inhibitor of growth 5 (ING5) subunits (Figure 

1A) (Ullah et al., 2008). Interestingly, each subunit of the complex contains chromatin 

reader domains that recognize post-translational modifications (PTMs) on the histone tail. 

For example, MOZ contains a double plant homeodomain (PHD) that recognizes histone 

H3, while the ING5 subunit has a C-terminal PHD finger that binds to histone H3 tri-

methylated at lysine 4 (H3K4me3) (Champagne et al., 2008; Qiu et al., 2012). Additionally, 

BRPF1 contains multiple epigenetic reader modules including a unique double PHD and 

zinc finger assembly (PZP), a bromodomain and a chromo/Tudor-related Pro-Tyr-Tyr-Pro 

(PWWP) domain (Laue et al., 2008; Qin et al., 2011; Vezzoli et al., 2010). In this review we 

summarize the current knowledge of how the MOZ HAT functions in normal biological 

processes as well as in disease progression. We propose a model of how epigenetic reader 
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domains within the MOZ HAT target it to modified chromatin substrates, and highlight how 

our current knowledge of MOZ structure and function might lead to the development of a 

novel, effective treatment for acute myeloid leukemia.

Functional Significance of the MOZ HAT

The MOZ HAT forms a multi-subunit HAT complex that acetylates free histones H3, H4, 

H2A and H2B in vitro (Champagne et al., 2001; Holbert et al., 2007; Kitabayashi et al., 

2001a; Laue et al., 2008; Ullah et al., 2008; Voss et al., 2009). Acetylation of histones 

located near gene promoters is associated with up-regulation of gene transcription, and the 

acetylation activity of MOZ has been shown to control expression of HOX genes (Camos et 

al., 2006). The MOZ HAT plays a direct role in hematopoiesis and is essential for the 

development and maintenance of hematopoietic stem cells (HSCs) (Perez-Campo et al., 

2009). As such, MOZ has also been shown to be a strong co-activator of the RUNX1 

transcription factor, the master regulator of hematopoiesis (Bristow and Shore, 2003; 

Kitabayashi et al., 2001a). This critical role of MOZ was highlighted by a study showing 

that MOZ mutations introduced in mice resulted in their death at birth, along with impaired 

hematopoiesis and stem cell development (Katsumoto et al., 2006; Thomas and Voss, 2004; 

Yang and Ullah, 2007). Furthermore, disruption of the MOZ HAT activity has been linked 

to the development of disease, particularly leukemias (Carapeti et al., 1998; Crowley et al., 

2005; Esteyries et al., 2008).

Role of MOZ in Disease Progression

The MOZ HAT is involved in chromosomal translocations found in a subtype of acute 

myeloid leukemia (AML) associated with a poor prognosis, and a median survival of only 6 

months (Borrow et al., 1996; Brown et al., 2012; Panagopoulos et al., 2001). According to 

the CDC website, each year in the United States, 100,000 blood cancer cases are diagnosed, 

and more than 50,000 people die from these cancers. AML accounts for 15% of childhood 

and 80% of adult leukemia cases, and the long-term survival rates for these patients are poor 

(Brown et al., 2012). MOZ was first identified as a fusion partner with the CREB binding 

protein (CBP) HAT in a t(8;16)(p11;p13) translocation found in AML, and disruption of the 

normal acetylation activity of MOZ leads to leukemogenic transformations and oncogenesis 

(Borrow et al., 1996). MOZ has also been found translocated to the CBP homolog p300 

(Kitabayashi et al., 2001b), to the transcriptional intermediary binding factor 2 (TIF2) 

(Carapeti et al., 1998) and to the nuclear receptor co-activator 3 (NcoA3) transcription factor 

(Esteyries et al., 2008). The t(8;16)(p11;p13) translocation of MOZ to CBP produces a 

characteristic gene expression pattern with elevated levels of HOXA9, HOXA10 and MEIS1 

(Camos et al., 2006). CBP is another HAT that acetylates histone and non-histone proteins, 

and acts as a transcriptional co-activator important for many cellular processes (Bannister 

and Kouzarides, 1996). The BRPF1 subunit in the multi-protein HAT complex functions as 

a platform of assembly linking the MOZ catalytic subunit to the ING5 and hEaf6 subunits, 

promoting activity (Ullah et al., 2008). Fusion with the CBP HAT leaves the MOZ MYST 

domain intact and likely allows for formation of the tetrameric hEaf6/BRPF1/ING5 complex 

(Yang and Ullah, 2007). In the MOZ fusion, most of the CBP HAT also remains functional 

and leukemic transformations could be the result of aberrant HAT activity contributed by 
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deregulation of both HAT complexes (Borrow et al., 1996). AML patients with the MOZ-

CBP translocation are rare, but they exhibit a unique gene expression pattern distinct from 

other types of AML that have a better prognosis and outcomes (Brown et al., 2012). MOZ is 

also found in a t(8;22)(p11;q13) chromosome translocation with the p300 protein 

(Kitabayashi et al., 2001b). Like the translocation with CBP, in this translocation, the p300 

HAT and the MOZ acetyltransferase domains remain largely intact, resulting in aberrant 

HAT activity that contributes to leukemogenesis and the development of AML.

MOZ Epigenetic Reader Domains

Epigenetic reader domains are found in chromatin-associated proteins that control 

fundamental cellular processes, including gene transcription, DNA replication, and 

recombination, and their disruption is often linked to disease. Interaction of chromatin 

reader domains with histones appears to regulate the substrate specificity of MOZ HAT in 

normal and disease states. Recent research has elucidated the function of the chromatin 

reader modules within the MOZ complex (Figure 1B). The MOZ catalytic subunit contains a 

duo of PHD fingers that work in tandem (PHD12). PHD fingers are a conserved C3HC4 

zinc finger motif commonly found in nuclear proteins that regulate transcription and 

chromatin remodeling. PHD fingers can be divided into different subsets based upon their 

binding affinity towards various post-translational modifications (Champagne and 

Kutateladze, 2009; Li and Li, 2012; Slama and Geman, 2011). The MOZ tandem PHD12 

finger domain recognizes histone H3 when it is acetylated at lysine 14 (H3K14ac) (23 μM) 

(Qiu et al., 2012). Removing the acetylation on H3K14 reduced the binding affinity of the 

histone tail peptide (unmodified H3, 65 μM), and methylation of H3R2 abolishes the binding 

interaction (Qiu et al., 2012) It was also shown that MOZ acetylates the HOXA9 promoter, 

and that activation of HOXA9 transcription is dependent on the recognition of H3K14ac by 

the MOZ tandem PHD12 finger (Qiu et al., 2012).

The C-terminal PHD finger of ING5 has been shown to bind to histone H3 tri-methylated at 

lysine 4 (K3K4me3) with low micromolar affinity (2.4 μM), while the N-terminal binding 

domain (NTBD) of ING5 is important for linking this subunit to the MOZ HAT complex 

(Champagne et al., 2008; Ullah et al., 2008). ING5 is necessary for the HAT activity of the 

MOZ complex, and its presence results in the preferential acetylation of histone peptides tri-

methylated at H3K4 (Champagne et al., 2008). Thus, ING5 appears to act as an adapter 

molecule targeting the MOZ HAT complex to chromatin via histone recognition of its PHD 

finger domain.

BRPF1 is an important regulator of MOZ’s enzymatic activity, and acts as a platform for 

assembly of the MOZ tetrameric complex (Saksouk et al., 2009). BRPF1 also contains 

multiple epigenetic reader domains, including a unique double PHD and zinc finger 

assembly (PZP), a bromodomain, and a PWWP domain. The PWWP domain is necessary 

for the association of BRPF1 with condensed chromatin and is able to recognize H3K36me3 

with an affinity of 2.7mM (Laue et al., 2008; Vezzoli et al., 2010). Similarly to other 

bromodomains the BRPF1 bromodomain recognizes multiple acetyl lysine residues on the 

histone tail including H2AK5ac, H3K14ac, H4K5ac, H4K8ac and H4K12ac (Poplawski et 

al., 2013). The H2AK5ac histone peptide binds to the BRPF1 bromodomain with the highest 
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affinity (48.5 μM), followed by H4K12ac (86.5 μM), and H3K14ac (626 μM) (Poplawski et 

al., 2013). Interestingly, the extended PHD1-ZnF-PHD2 (PZP) region in BRPF1/3 is 

conserved in a number of proteins. In BPRF1, the PZP module binds the unmodified histone 

H3 tail via PHD1 with an affinity of 1.8 μM, while PHD2 does not appear to interact directly 

with the histone tail (Lalonde et al., 2013) Additionally, the atypical PHD2 finger in BRPF2 

was shown to interact non-specifically with DNA (Liu et al., 2012).

These results suggest that it is the combinatorial action of multiple epigenetic reader 

domains within the MOZ HAT complex that direct it to chromatin substrates and regulate its 

acetylation activity. Figure 2 illustrates a model of this process. First, ING5 targets 

H3K4me3 present at the promoters of actively transcribed regions, recruiting the MOZ HAT 

complex. Then the tandem PHD12 fingers in the MOZ catalytic subunit recognize the 

unmodified histone H3 solidifying the interaction, while the PWWP domain of BRPF1 also 

binds to any H3K36me3 marks on the nucleosome. Once bound to the chromatin, MOZ 

acetylates histones H3 and H4 at H3K14ac H4K5ac, H4K8ac, H4K12ac, and H4K16ac 

(Kitabayashi et al., 2001a). This in turn increases the affinity of the MOZ HAT complex for 

chromatin through binding of the BRPF1 bromodomain and MOZ PHD12 to the 

acetyllysine modifications. Ultimately, this creates a positive feedback loop where increased 

acetylation activity of the MOZ HAT complex increases the complex’s affinity for 

chromatin substrates, spreading the acetylation of chromatin and up-regulating gene 

expression. The localization of MOZ HAT activity is regulated by the absence and presence 

of particular histone modifications. For example, it is known that H3K4me3, H3K36me3 

and acetylation are associated with actively transcribed genes, and these modifications 

increase the interaction of MOZ with chromatin. However, the presence of H3R2me2 would 

abrogate binding of MOZ PHD12 and inhibit tri-methylation of H3K4 by the Set1 

methyltransferase (Kirmizis et al., 2007; Qiu et al., 2012), weakening the interaction of the 

complex with its histone substrates. Also, since the BRPF1 subunit is still able to interact 

with the MOZ HAT after leukemic translocations of MOZ with CBP, p300 and TIF2, it is 

likely that recognition of histone modifications by chromatin reader domains in BRPF1 and 

ING5 contribute to the aberrant acetylation activity of MOZ in the development of disease 

(Yang and Ullah, 2007).

Potential of Epigenetic Drug Targets

Cancer is a genetic disease as well as an epigenetic disease. Epigenetics describes the study 

of heritable changes in genome function that occur without a change in the DNA sequence. 

Genome function and integrity depends on epigenetic factors including modifications to 

DNA and chromatin that bring functional conformation to chromosomes. The importance of 

epigenetic integrity is evident by the growing list of chromatin regulating genes, including 

the MOZ HAT, which are disrupted in various cancers (Cengiz et al., 2007; Doyon et al., 

2006; Garkavtsev et al., 2004; Gunduz et al., 2002; Kitabayashi et al., 2001b; Shiseki et al., 

2003). These genes code for proteins involved in DNA methylation, histone modifications, 

and ATP dependent chromatin remodeling. Unlike genetic changes in cancer, epigenetic 

changes are potentially reversible. This has led to the design of DNA-demethylating agents 

and HDAC inhibitors, which have shown significant antitumor activity (Mack, 2006; 

Thompson, 2006). More recently, it has become evident that chromatin reader domains, 
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such as the PHD fingers and bromodomain found in the MOZ HAT complex, are druggable 

with small molecules (Santiago et al., 2011; Vidler et al., 2012; Wagner et al., 2012), and 

selective inhibition of epigenetic regulators is now recognized as a valuable therapeutic 

avenue (Zhao et al., 2013). Modulation of MOZ HAT enzyme activity could be an effective 

therapeutic strategy for leukemia patients, and the chromatin-binding subunit BRPF1 or 

protein-protein interactions between subunits in the MOZ HAT complex may become 

important potential targets. Further investigation into the development of small-molecule 

inhibitors for the MOZ HAT presents a promising new avenue of therapy that will provide 

more specific treatment strategies, and better overall outcomes for patients with leukemia.
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Figure 1. 
The MOZ HAT complex and subunit architecture. A. The MOZ HAT complex is a hetero-

tetramer composed of the monocytic leukemic zinc-finger (MOZ) catalytic subunit, the 

bromodomain-PHD finger protein 1 (BRPF1), inhibitor of growth 5 (ING5) and hEaf6 

subunits. B. The MOZ catalytic domain is a large, multi-domain protein (~250 kDa) 

possessing HAT activity via its MYST domain, in addition to multiple protein interaction 

domains including a N-terminal part of Enok, MOZ, or MORF (NEMM) domain, a tandem 

PHD finger region, a Glu/Asp rich region (ED) and a Ser/Met rich region (SM). The BRPF1 

subunit contains multiple chromatin reader domains including a double PHD and zinc finger 

(ZnF) assembly (PZP), a bromodomain and a chromo/Tudor-related PWWP domain. BRPF1 

also includes two protein interaction domains (I and II), which contact MOZ and ING5/

Eaf6, respectively. The ING5 subunit contains an N-terminal binding domain (NTBD) that 

contacts BRPF1, a nuclear localization signal (NLS) and a C-terminal PHD finger.
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Figure 2. 
Epigenetic reader domains in the MOZ HAT complex recognize histone post-translational 

modifications. Model illustrating how recognition of histone modifications by various 

subunits within the MOZ HAT directs the complex to chromatin and regulate enzymatic 

activity.
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