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Abstract

MOF (males absent on the first) was initially identified as a dosage compensation factor in
Drosophila that acetylates lysine 16 of histone H4 (H4K16ac) and increased gene transcription
from the single copy male X-chromosome. In humans, however, the ortholog of Drosophila MOF
has been shown to interact with a range of proteins that extend its potential significance well
beyond transcription. For example, recent results indicate MOF is an upstream regulator of the
ATM (ataxia-telangiectasia mutated) protein, the loss of which is responsible for ataxia
telangiectasia (AT). ATM is a key regulatory kinase that interacts with and phosphorylates
multiple substrates that influence critical, cell-cycle control and DNA damage repair pathways in
addition to other pathways. Thus, directly or indirectly, MOF may be involved in a wide range of
cellular functions. This review will focus on the contribution of MOF to cellular DNA repair and
new results that are beginning to examine the /in vivo physiological role of MOF.
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Introduction

MOF was originally identified in Drosophila as a component of the protein complexes
known as male-specific lethal (MSL) (1, 2), which is only found in male flies, and the non-
specific lethal (NSL) complex (3-5), which is found in both male and female flies. In
Drosophila, MOF was initially found to function in dosage compensation whereby
transcription of genes on the single male X-chromosome must be increased two-fold relative
to females who have two X-chromosomes. This is achieved by MOF mediated acetylation of
histone H4 Lys16 (H4K16ac), which alters chromatin-protein interactions as well as the
local chromatin structure (6, 7). MOF is evolutionally conserved in mammals (8, 9) and is
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associated with transcription regulation and DNA damage repair as well as many additional
cellular functions (10-14). Most immortalized human cell lines, whether derived from tumor
or normal tissue, contain MOF levels either similar to or elevated above those found in
normal cells (10).

There is growing scientific evidence that the accumulative DNA damage resulting from
defective DNA repair can lead to neurological disorders such as Ataxia telangiectasia,
Alzheimer’s disease, Nijmegen breakage syndrome etc. Recently it has been realized that
histone modifications play an important and primary role in DNA damage response (DDR)
by facilitating repair protein access to DNA breaks (15-18). Most interestingly, several
studies indicate that pre-existing histone modifications play an important role in the
recruitment of repair proteins. Schizosaccharomyces pombe Crb2 [SpCrb2] and
Saccharomyces cerevisiae Rad9 [ScRad9]) require methylated histone H3 Lys79
(H3K79me) (19) or methylated histone H4 Lys20 (H4K20me) and/or CBP/p300-mediated
acetylation of histone H3 lysine 56 (H3K56ac) (19-23) at DNA-damage sites to form repair
protein foci. The aforesaid histone modifications are present on histones and are not altered
in response to ionizing radiation (IR)-induced DNA damage. Genotoxic stress in human
cells can result in mild increases in histone acetylation; however some studies have reported
rapid deacetylation of histone H3 K9 (H3K9ac) and H3K56ac (24). Preexisting
modifications can influence DNA damage responses at the level of signaling, chromatin
relaxation to facilitate repair protein recruitment and the restoration of chromatin to the
original native state (25-27). In human cells, histone modifications such as phosphorylation
of H2AX at S139, acetylation of H4K16, methylation of H3K79 and H4K20 have been
linked with damage signaling; H3K9, H4K16 and H2A(X) are linked with chromatin
opening and modifications like phosphorylation of H4S1 and H2B S14, dephosphorylation
of H2AX S139, acetylation of H3 K14, K23, K56 and H4 K5, K8, K12, K16, K91,
deacetylation of H3/H4 Ks and H2A K119 (17, 18, 27). Here we will discuss mainly two of
the many aspects of MOF: MOF function in DNA DSB repair and the physiological
consequences of defective MOF expression.

MOF dependent genome-wide distribution of histone H4 Lysinel6

acetylation sites

Histone post-translational modifications are critical determinants of chromatin structure,
impacting multiple cellular processes including DNA transcription, replication, and repair
(28). Acetylation of histone H4 at lysine 16 (H4K16ac) was initially identified in association
with dosage compensation of the Drosophila male X-chromosome, which does not occur in
mammals, Genome-wide mapping of the H4K16ac distribution in human cells identified
25,893 DNA regions, average length of 692 nucleotides, with elevated levels. Interestingly,
although a majority of the sites localized within genes, only a relatively small fraction
(~10%) was found near promoters (29). These studies revealed that H4K16 acetylation has a
limited effect on transcription regulation in HEK293 cells, whereas H4K16ac has been
demonstrated to have critical roles in regulating transcription in mouse embryonic stem cells
(30). Thus, H4K16ac-dependent transcriptional regulation is likely subject to additional cell
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type specific controls or the distribution also reflects other functions like maintenance of
genomic stability.

Role of MOF in DNA Damage Response (DDR)

MOF was identified as an ATM interacting partner by yeast two-hybrid screening;
subsequently the interaction was verified by immunoprecipitation and its role in DDR
reported by several investigators (10-13, 31-33). The role of MOF in genomic stability is
highly conserved as its depletion leads to ionizing radiation sensitivity and defective DNA
damage repair in Drosophila (14), mice (10, 12) and human cell lines (11, 13). Cell death
results from the failure of IR-induced ATM activation, which is consistent with the
observation that in human cells depleted of MOF, ATM dependent phosphorylation of
H2AX is abrogated (33). A similar defective response was reported in mMofknock out
mouse embryonic fibroblasts (10). Further linkage between H4K16 acetylation status and
IR-induced H2AX phosphorylation was obtained by blocking deacetylation of H4K16ac,
with either a drug inhibitor or by a gene knockout approach. Both approaches revealed that
blocking H4K16ac deacetylation rescued the IR-induced phosphorylation of H2AX (33),
supporting the argument that H4K16 acetylation is critical for the initial DNA damage
response. Consistent with the importance of acetylation in DDR, Dobbin and coworkers
have reported that the NAD(+)-dependent deacetylase SIRT1 is recruited to DSBs in post
mitotic neurons (34) and that SIRT1 recruitment to breaks was ATM dependent. SIRT1,
thus, seems to function as an apical transducer of the DSB response and may offer an
important therapeutic avenue for treating neurodegeneration diseases (34).

Gupta and coworkers reported altered growth characteristics of haploinsufficient mMof in
mouse embryonic fibroblast (MEF) cells that correlated with increased genomic instability
(10). This is consistent with results in erythrocytes from mMof heterozygous null mice
where a modestly increased ratio of normochromatic to polychromatic erythrocytes and an
increased frequency of micronucleus were detected in comparison to wild type mice. The
higher spontaneous chromosome aberration rate observed in cultured MEFs and in
phytohemagglutinin-stimulated lymphocytes isolated from mMof heterozygous null mice
are similarly indicative of MOF related genomic instability. A reduced level of IR-induced
v-H2AX focus appearance was also observed in heterozygous mMofcells compared to
wild-type mMofcells. As expected, reduced levels of mMof increased genomic instability
and decreased survival after IR or mitomycin C exposure, while total loss resulted in cell
lethality in MEF cells (10).

Role of MOF in DNA repair by non-homologous end joining (NHEJ)

Inactivation of MOF has been reported to increase basal DNA damage levels as well as lead
to higher residual post-irradiation DNA damage (11-13, 31, 32). Spontaneous DNA damage
in MOF depleted cells could be attributed to lack of acetylation at H4K16 as well as some
other functions where MOF plays a role in transcription (34). Since NHEJ mediated DNA
damage repair is most prevalent in GO, G1 cells, depletion of MOF results higher residual
chromosome damage in cells irradiated in G1 phase and analyzed at metaphase (11). ATM at
T392 post-translationally phosphorylates MOF upon induction of DNA damage but this
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modification has no effect on DNA DSB repair by the NHEJ pathway, because the
phosphorylation-deficient MOF mutant (MOF-T392A) had no impact on the repair of DNA
DSB in G1 phase cells (11). It is very interesting that loss of MOF affects DNA repair in G1
phase cells (13), and that subsequent expression of mutant MOF-T392A rescues IR-induced
DNA DSB repair in G1 phase cells, as this supports the argument that MOF, but not ATM
dependent MOF phosphorylation at T-392, contributes to G1 specific DNA DSB repair (11).
Sharma and coworkers have reported that H4K16ac is critical for DNA damage response
(33). Interestingly, Gupta and coworkers found that mutant MOF retains the acetylation
activity, thus it is obviously clear that acetylation activity of mutant MOF facilitates the
initial DNA damage response as there was no major difference in the initial appearance of
phosphorylated H2AX in wild type or mutant MOF post irradiation (11). The reason for
mutant MOF having least effect on NHEJ could be because of its interaction with 53BP1,
which is involved in NHEJ and suppressing HR. Mutant MOF (MOF-T392A) shows an
increased interaction with 53BP1 post irradiation, thus resulting in the shift of the HR to
NHEJ. Thus it is obvious that MOF phosphorylation does not impact on DNA DSB repair
by HR to NHEJ in GO/G1 cells; however, it is essential for the repair of DNA DSB by HR in
S/G2 cells. Although Li and coworkers reported that MOF depletion results in loss of 53BP1
as well as BRCAZ1 foci formation (32), expression of mutant MOF-T392A had no effect on
IR-induced 53BP1 foci formation, but reduced frequency of BRCAL foci formation (11).
These results suggest a model in which phosphorylated MOF may be regulating repair
pathway choice for DNA DSBs.

Role of MOF in DNA repair by homologous recombination

Gupta and coworkers reported that mutant MOF-T392A expression did not affect IR-
induced y-H2AX foci appearance, but delayed the disappearance of pS1981-ATM foci post-
irradiation (11). However, mutant MOF (MOF-T392A) expression has been reported to
affect DNA DSB repair in S and G2 phase cells, where homologous recombination is up-
regulated. It is possible that post-translational modification of MOF by ATM may enhance
the recruitment of HR related proteins to DSB sites in S- and G2-phase cells. ATM has been
reported to be activated by DNA damage in all phases of the cell cycle (35) and has an
essential role in DNA DSB repair in all cell cycle phases (36, 37). Since cells deficient in
ATM are defective for DNA DSB repair in all phases, the role of MOF phosphorylation at
T392 in the recruitment of DSB repair proteins appears to be specific to the homologous
recombination pathway. Repair of DNA damage by homologous recombination repair is
suppressed by 53BP1 and consistent with this observation there is an increased association
of wild-type MOF with 53BP1 immediately post irradiation that subsequently decreases
thereby allowing recruitment of HR related proteins (Figure 1).

In vivo role of MOF in post-mitotic and non-dividing cell survival

The majority of cells in mammals, except stem cells, are not actively proliferating, meaning
that cultured cell lines are not exact models for tissue function. Kumar and coworkers used a
tissue-specific gene deletion approach to test the role of MOF in non-proliferating, post-
mitotic Purkinje cells and found that in the absence of MOF, Purkinje cells died by 50-60
days post birth, resulting in the mice developing motor defects similar to those seen in
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Ataxia Telangiectasia patients (38). However, T-cell-specific Mof deletion (Lck-driven Cre
expression) resulted in less severe physiological outcomes, manifesting as defective T-cell
differentiation and a moderate decline in overall survival (12). Furthermore mice with T-cell
specific deletion had defective T-cell differentiation as was evident by an increased DN3
(CD44~ CD25") population (12), the cell stage during which T-cell receptor rearrangement
takes place. In contrast, Sheikh and coworkers found that MOF loss in differentiated non-
proliferating podocytes had no effect on normal kidney function or morphology in mice
followed up to 5-6 months of age (39). However, following kidney injury by Adriamycin
(doxorubicin) treatment, pyknotic nuclei and activated caspase-3 were detected in MOF
depleted podocytes and an associated decrease in kidney function (39). Thus, in non-
proliferating tissue cells the outcome of MOF loss can range from no immediate effect to
cell death, depending on the cell type (28).

MOF is critical for embryogenesis

Embryonic stem cells are capable of indefinite self-renewal and differentiation into all cell
lineages. Gupta and coworkers reported that ablation of the mouse Mofgene (mMof) by
gene targeting resulted in early embryonic lethality and cell death, consistent with a role for
MOF in stem cell maintenance (10). Similar studies by Thomas and coworkers (40)
demonstrated that MOF is essential for embryonic development past the blastocyst stage. Li
and coworkers (30) further supported the argument that MOF is critical for stem cell self
renewal and pluripotency by demonstrating that Mof depleted mouse ESCs lose
characteristic morphology, alkaline staining, and differentiation potential and such cells have
aberrant expression of the Nanog, Oct4, and Sox2. Using genome-wide ChlP-sequencing
and transcriptome analyses, Li and coworkers demonstrated that Mof is an integral
component of the embryonic stem cell core transcriptional network (30) and also found an
interconnection between Mof and H3K4me3 in embryonic stem cells (30). Furthermore, the
close interactions between Mof and Wdr5/H3K4me3 contributes to the role of Mof in
regulating NOS expression and their regulatory circuitry (30).

Not surprising considering the role of MOF in maintaining ESC, iPSCs contain high levels
of MOF mRNA and MOF protein which are dramatically up-regulated following
reprogramming (41). MOF overexpression has been reported to improve reprogramming
efficiency, thus facilitating formation of iPSCs, and depletion of MOF impairs iPSCs
generation (41). This is possibly due to MOF interaction with the H3K4 methyltransferase
Wdr5 to promote endogenous Oct4 expression (stem cell factor) during the reprogramming
process (41). The loss of MOF also results in autophagy as it is coupled to the reduction of
H4K16ac, which is associated with the down regulation of autophagy-related genes (42).
Thus MOF, through its production of H4K16ac, has multiple functions in dosage
compensation dependent or independent transcription and the DNA damage response, two
important factors for cell survival.
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Highlights

MOF acetylates lysine 16 of histone H4 (H4K16ac) and plays a role in
transcription and the DNA damage response.

MOF interacts with a range of proteins that extend its potential significance well
beyond transcription and DNA damage repair.

MOF affects ATM (ataxia-telangiectasia mutated) function and ATM-dependent
MOF post-translational modification regulates DNA DSB pathway choice.

MOF is essential for embryonic development as well as post-mitotic and non-
dividing cell survival.

MOF is critical for stem cell-renewal and pluripotency.
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Figure 1. Role of MOF phosphorylation in regulating DSB repair pathway choice
Cell-cycle phase is a critical determinant of the choice between DNA double strand break

(DSB) repair by nonhomologous end-joining (NHEJ) or homologous recombination (HR).
DSBs induce ATM-dependent MOF phosphorylation at T392. MOF-pT392 allows release of
53BP1 from DSB sites recruiting BRCAL complex to initiate repair by HR.
Unphosphorylated MOF or phosphorylation-deficient mutant MOF (MOF-T392A) impedes
DNA repair by HR in S and G2 phases by blocking the release of DSB-associated 53BP1,
resulting in enhanced 53BP1 retention and reduced BRCAL association. In sum, ATM-
mediated MOF-T392 phosphorylation modulates 53BP1 function to facilitate the subsequent
recruitment of HR repair proteins thereby regulating DSB repair pathway choice during S
and G2 phases.
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