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Abstract

The haspins are divergent members of the eukaryotic protein kinase family that are conserved in
many eukaryotic lineages including animals, fungi, and plants. Recently-solved crystal structures
confirm that the kinase domain of human haspin has unusual structural features that stabilize a
catalytically active conformation and create a distinctive substrate binding site. Haspin localizes
predominantly to chromosomes and phosphorylates histone H3 at threonine-3 during mitosis,
particularly at inner centromeres. This suggests that haspin directly regulates chromosome behavior
by modifying histones, although it is likely that additional substrates will be identified in the future.
Depletion of haspin by RNA interference in human cell lines causes premature loss of centromeric
cohesin from chromosomes in mitosis and failure of metaphase chromosome alignment, leading to
activation of the spindle assembly checkpoint and mitotic arrest. Haspin overexpression stabilizes
chromosome arm cohesion. Haspin, therefore, appears to be required for protection of cohesion at
mitotic centromeres. Saccharomyces cerevisiae homologues of haspin, Alk1 and Alk2, are also
implicated in regulation of mitosis. In mammals, haspin is expressed at high levels in the testis,
particularly in round spermatids, so it seems likely that haspin has an additional role in post-meiotic
spermatogenesis. Haspin is currently the subject of a number of drug discovery efforts, and the future
use of haspin inhibitors should provide new insight into the cellular functions of these kinases and
help determine the utility of, for example, targeting haspin for cancer therapy.

Introduction

Ensuring that daughter cells each receive the correct complement of chromosomes in mitosis
is simple in principle, but complicated in practice. Chromatin must be condensed and DNA
decatanated to allow compaction and individualization of chromosomes, while sister
chromatids are held together to allow their coordinated attachment to opposing spindle poles.
A surveillance and checkpoint mechanism (the spindle assembly checkpoint or “SAC”)
prevents chromatid separation until all chromosomes are correctly bioriented, and mechanical
systems make sure chromosomes are segregated to opposite poles and divide the mother cell
in two. A key set of mitotic kinases is critical to organize these processes, and the literature
describing the activities of Cdk, Aurora, Polo, Nek, Bub, and Mps1 kinases in mitosis is
extensive. Haspin is a relatively newly discovered kinase that phosphorylates histone H3 during
mitosis and appears to play a role in regulating chromosome behavior during cell division.
Here, | review what has been learned so far concerning this distinctive and evolutionarily
conserved eukaryotic protein kinase.
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Discovery and localization

Haspin mRNA was first discovered in male germ cells of mice. The gene and protein were
given the names germ cell-specific gene 2 (Gsg2) and haploid cell-specific protein kinase
(haspin), respectively (Tanaka et al. 1994; Tanaka et al. 1999). Northern analysis in human
and mouse tissues showed that haspin is abundantly expressed in testis, with lower levels in
multiple somatic tissues that have high numbers of dividing cells, including the thymus, bone
marrow and spleen, and in all proliferating cell lines tested (Higgins 2001b). Endogenous
haspin protein and kinase activity are also found in human tumor lines including HeLa and
U20S cells (Dai et al. 2005; Dai et al. 2009; Markaki et al. 2009). Therefore, haspin is most
strongly expressed in testis, but also appears ubiquitously present in proliferating somatic cells.

Antibodies that recognize endogenous haspin in somatic cells by immunofluorescence or
immunohistochemistry are not yet available, so current knowledge of haspin localization relies
on the use of transfected constructs and studies of endogenous protein in spermatids. Haspin
is a nuclear protein in interphase nuclei and in round spermatids (Tanaka et al. 1999; Dai et al.
2005), and is predominantly associated with chromosomes in mitosis (Dai et al. 2005).
Enhanced green fluorescent protein (EGFP)-haspin can also be seen at centrosomes in mitotic
cells (Dai et al. 2005). These latter observations were among the first to suggest mitotic
functions for haspin.

Haspin homologues and structure

Haspin homologues have been identified in a number of eukaryotic lineages, including
vertebrates, arthropods, nematodes, fungi (including microsporidia), amoebozoa, and plants.
These haspin proteins all contain a divergent eukaryaotic protein kinase (ePK) domain at the C-
terminus and form a unique group of kinases that is not allied with other ePK families (Tanaka
et al. 1999; Higgins 2001a; Higgins 2003; Kannan et al. 2007). Despite the absence of some
of the highly conserved motifs found in canonical ePKs, mammalian haspin proteins clearly
have serine/threonine kinase activity (Tanaka et al. 1999; Tanaka et al. 2001; Dai et al. 2005;
Eswaran et al. 2009). The even more divergent budding yeast homologs Alk1 (Ygl021wp) and
Alk2 (Ybl009wp) also appear to be active kinases (Nespoli et al. 2006). The N-terminal region
of haspin proteins is poorly conserved, but some general features, such as a preponderance of
serine and arginine/lysine residues, are shared between different species (Higgins 2003).

Two recent studies describing crystal structures of the kinase domain of human haspin confirm
that it forms a bilobed structure similar to that of ePKs but with significant structural changes
and a number of haspin-specific inserts (Fig. 1a, b; Eswaran et al. 2009; Villa et al. 2009). The
kinase domain of haspin alone is active in vitro (Dai et al. 2005; Eswaran et al. 2009) and the
structural studies confirm that it adopts an active conformation in which key residues are
positioned appropriately for catalysis. Interestingly, haspin-specific structural elements
including a B-hairpin insert and a number of additional a-helices surround the small lobe and
appear to stabilize the active conformation. In many ePKs, an “activation segment” in the large
lobe is, in the absence of phosphorylation, either disordered or locked into an inactive
conformation. Phosphorylation within the segment stabilizes it in an active conformation
suitable for substrate binding. The activation segment of haspin differs markedly from those
in other ePKs. An additional B-strand in the segment helps stabilize the active conformation
of the small lobe, and a large helical insert (aAS; Fig. 1b) replaces the “APE” motif and aEF
helix found in many other kinases. No phosphorylation is observed in the activation segment
in the haspin crystals, and there are no obvious candidate sites for such activating
phosphorylation. The HRD motif arginine that interacts with the phosphorylated activation
loop in many other kinases is instead hydrogen bonded to the main chain of the activation
segment in haspin (Eswaran et al. 2009; Villa et al. 2009). This unique activation segment,
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together with the absence of a conserved oG helix found in other kinases (Fig. 1b), also
contributes to formation of distinctive highly electronegative cleft that almost certainly serves
as the binding site for the basic histone tail substrate (Fig. 1c). Other substrates of haspin
identified in the future are likely to possess similar exposed basic regions.

Haspin phosphorylates histone H3T3

The only substrate of haspin identified to date (other than itself) is histone H3. Haspin
immunoprecipitated from cells co-purifies with and phosphorylates histone H3, and
recombinant haspin specifically phosphorylates purified and nucleosomal histone H3 in vitro
(Dai et al. 2005; Patnaik et al. 2008; Eswaran et al. 2009; Villa et al. 2009). Haspin targets a
single site in H3, residue T3 (H3T3ph). In cells, histone H3 is phosphorylated at a number of
sites during mitosis, including T3, S10, T11, and S28 (Dai and Higgins 2005). The best
characterized among these is H3S10ph, a modification carried out by the mitotic kinase Aurora
B (Hsu et al. 2000; Adams et al. 2001; Giet and Glover 2001; Crosio et al. 2002). Because
adjacent modifications on the densely modified tail of H3 can influence antibody recognition
(Garciaet al. 2005), the distribution patterns of histone marks determined with antibodies must
be interpreted with caution. Nevertheless, in mammalian cells, H3S10ph is found
predominantly in pericentromeric chromatin (but not at inner centromeres) and on chromosome
arms between late G2 and anaphase (Hendzel et al. 1997). H3T3ph, in contrast, appears first
in late G2 or prophase at foci on chromosome arms, with a bias towards chromatin located near
the nuclear periphery. During prometaphase, H3T3ph becomes concentrated at inner
centromeres between the regions delineated by the centromere-specific histone CENP-A, but
also remains visible on chromosome arms. H3T3ph declines during anaphase and cannot be
detected in telophase cells (Polioudaki et al. 2004; Dai et al. 2005; Dai et al. 2006; Vagnarelli
et al. 2008; Markaki et al. 2009). Therefore, H3T3ph and H3S10ph have distinct distributions
in mitosis, but the two overlap to some extent. Indeed, H3 peptides containing both
modifications have been obtained from mitotic cells (Garcia et al. 2005; Bonenfant et al.
2007). Overall, the timing of H3T3ph in mitosis, but not its location, appears similar to that of
H3S10ph, suggesting distinct functions for the two modifications. Haspin RNA interference
(RNAI) essentially eliminates H3T3ph in mitotic cells (Fig. 2) and, conversely, haspin
overexpression causes anomalous H3T3ph generation in interphase (Dai et al. 2005; Markaki
et al. 2009). Therefore, haspin appears to be the major mitotic H3T3 kinase in cultured human
cells.

H3T3ph has also been examined in plants. Interestingly, the results confirm prior suggestions
that the distribution of phosphorylation on H3 of mitotic chromosomes is almost reversed in
plants compared to mammals. While H3S10ph is restricted to pericentromeric regions in plants,
H3T3ph originates at pericentromeres in prophase and is evenly distributed along chromosome
arms by prometaphase (Houben et al. 2007; Caperta et al. 2008). The reasons for these
differences are unknown, but it appears that there has been considerable divergence in the roles
of histone modification between plants and other organisms (Loidl 2004; Houben et al.
2007). Although plants possess haspin homologues, it remains to be determined if they are
required for mitotic H3T3ph in these species. Phosphorylation of histones by recombinant
budding yeast haspin homologues Alk1 and Alk2 was not observed in vitro (Nespoli et al.
2006), and as yet there are no reports of H3T3ph in fungal cells. Although these results are not
definitive, they hint at the existence of alternative substrates for haspin in yeasts and other
organisms.

Other H3T3 kinases

The mammalian vaccinia-related kinase-1 (VRKZ1) has been reported to phosphorylate both
H3T3 and H3S10 in mitosis. VRK1 phosphorylates H3 in vitro, though less efficiently than
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the well-characterized substrate BAF, and VRK1 RNA.I partially reduces H3T3ph and
H3S10ph in mitosis (Kang et al. 2007). Because haspin depletion essentially eliminates
H3T3ph in mitosis, an understanding of the relative contribution of VRK1 requires further
study. In the green alga Chlamydomonas reinhardtii, another protein kinase, MUT9, has been
shown to phosphorylate H3T3 and unidentified sites in histone H2A in vitro, and a Mut9 mutant
strain is partially defective in generating H3T3ph in cells. In this case, phosphorylation in
mitosis was not examined directly, but H3T3ph was found at the promoters of repressed genes,
presumably in interphase. Mut9 mutant strains had decreased H3T3ph that correlated with gene
de-repression, suggesting that MUT is necessary for gene silencing in Chlamydomonas
(Casas-Mollano et al. 2008). MUT9 kinase homologs appear to be absent in animal and fungal
lineages and so may represent an adaptation specific to the plant kingdom.

Haspin function in cells

Human HEK?293 cells overexpressing EGFP-haspin, or a kinase-deficient deletion mutant,
accumulate in G1 with 2 N DNA content (Tanaka et al. 1999). The basis for this effect is
unknown but, coupled with the persistence of haspin protein in interphase, raises the little-
explored prospect that haspin has functions outside mitosis. Insight into haspin function in
mitosis comes primarily from RNA. studies in human cell lines. Haspin depletion leads to an
increased mitotic index, with an accumulation of cells in prometaphase and a decline in the
proportion of mitotic cells in anaphase, suggesting a defect in chromosome congression and a
delay in exit from mitosis (Dai et al. 2005; Dai et al. 2006; Markaki et al. 2009). Haspin RNAI
causes the accumulation of cells with a partial metaphase plate but with numerous non-
congressed chromosomes, many of which are clustered at the spindle poles (Fig. 2; Dai et al.
2005; Dai et al. 2006). Such cells often contain Cyclin B, and the checkpoint protein Bubl is
recruited to kinetochores, indicating that haspin depletion prevents proper chromosome
alignment and satisfaction of the spindle assembly checkpoint (Dai et al. 2006). Live imaging
of U20S cells expressing labeled H2B reveals that haspin depletion delays chromosome
congression by about 20 min, but that metaphase-like plates do eventually form. This
metaphase-like state then persists for approximately 2 h before chromosomes begin to leave
the plate, eventually leading to extensive chromosome misalignment (Dai et al. 2009).

Haspin function in chromosome cohesion

The chromosome alignment defects in haspin-depleted cells are likely due, at least in part, to
premature loss of sister chromatid cohesion (Dai et al. 2006). Cohesion between replicated
chromosomes is maintained by complexes consisting of the cohesins Smc1, Smc3, Rad21/
Sccl, and Scc3/SAL/SA2, and perhaps also by DNA catenations (Nasmyth 2002; Peters et al.
2008). In vertebrates, cohesin removal in mitosis occurs in two steps (Losada et al. 1998;
Waizenegger et al. 2000). In prophase and prometaphase, release of cohesin from chromosome
arms takes place under the control of Polo-like Kinase-1 (PIk1) and Aurora B (the “prophase
pathway™), while cohesion at centromeres and a few loci on the arms is maintained (Losada et
al. 2002; Sumara et al. 2002; Gimenez-Abian et al. 2004). The bulk of arm cohesin is removed
in a cleavage-independent fashion by a mechanism that requires SA2 phosphorylation, perhaps
by PIk1 (Hauf et al. 2005). The protease separase can cleave the Rad21/Sccl cohesin subunit
(Hauf et al. 2001), but separase is kept largely inactive in early mitosis by association with
securin and phosphorylation by cyclin B-Cdk1. Satisfaction of the SAC allows the anaphase
promoting complex/cyclosome (APC/C) to promote degradation of securin and cyclin B and
separase is activated, cleaving cohesin and triggering the separation of sister chromatids at
anaphase (Nasmyth 2002; Peters et al. 2008). Topoisomerase Il activity also appears to be
required during mitosis to fully resolve links between sister chromatids (Downes et al. 1991;
Shamu and Murray 1992; Toyoda and Yanagida 2006; Spence et al. 2007; Wang et al.
2008a). Haspin RNA. leads to loss of cohesin from chromosomes and separation of sister
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chromatids (Dai et al. 2006), and the chromosome alignment defects observed by live imaging
of haspin-depleted cells are similar to those caused by depletion of cohesin Sccl (Dai et al.
2009). Separation occurs in cells treated with the spindle poison nocodazole or the proteasome
inhibitor MG132, suggesting that it takes place when SAC signaling is active and is
independent of the APC/C pathway and mitotic exit. Conversely, overexpression of haspin
prevents the normal dissociation of cohesin from chromosome arms (Dai et al. 2006). Indirect
evidence indicates that haspin acts in mitosis to regulate cohesion rather than, for example,
affecting cohesion establishment: H3T3ph is mitosis-specific and loss of cohesion due to
haspin RNAI can be prevented by depleting the mitotic kinase Aurora B. These results suggest
that haspin serves to protect centromeric cohesin from the action of the prophase pathway.

The molecular basis of the function of haspin in cohesion regulation is currently unclear. We
noted that the localization pattern of H3T3ph and the residual cohesin that remains at the inner
centromeres of metaphase chromosomes is similar, though not identical (Dai et al. 2006). At
minimum, this shows that haspin is active in the vicinity of the protected cohesin complexes,
and might indicate that H3T3ph plays a role in cohesion regulation (see below), though this is
by no means the only possibility. Haspin could, for example, directly phosphorylate cohesin
or have a protective function independent of kinase activity. Haspin could also collaborate with
other cohesin-regulating proteins to modulate cohesion. An obvious candidate is Shugoshin-1
(Sgol), a centromeric protein that is required for protection of cohesion at centromeres in
vertebrate mitosis (Salic et al. 2004; Tang et al. 2004; Kitajima et al. 2005; McGuinness et al.
2005). In yeast and human cells, Sgol associates with the phosphatase PP2A (Kitajima et al.
2006; Riedel et al. 2006; Tang et al. 2006). This, coupled with observations that PP2A activity
is required to maintain cohesion (Kitajima et al. 2006; Riedel et al. 2006; Tang et al. 2006),
that the protective function of Sgol requires an intact PP2A binding site (Xu et al. 2009), and
that expression of nonphosphorylatable SA2 prevents the loss of cohesion caused by Sgol
depletion (McGuinness et al. 2005), has led to the idea that Sgo1l acts through PP2A to prevent
cohesin phosphorylation and release by the prophase pathway (Kitajima et al. 2006; Riedel et
al. 2006). Haspin does not appear to control Sgol localization because Sgol association with
centromeres is not prevented in haspin-depleted cells, though this observation does not rule
out that haspin could influence the functionality of centromeric Sgol. Conversely, depletion
of Sgo1 leads to loss of the centromeric concentration of H3T3ph and the spreading of H3T3ph
throughout single chromatids (Dai et al. 2006; Eot-Houllier et al. 2008). Eventually, H3T3ph
can be lost altogether after Sgol is depleted, although this apparently is not required for loss
of cohesion (Eot-Houllier et al. 2008). These results could be interpreted to mean that haspin
acts downstream of Sgol. However, haspin and Sgol appear to be able to act independently
of each other to protect cohesion in some experimental circumstances, such as when haspin
overexpression increases arm cohesion in Sgol-depleted cells or when Aurora B is depleted
and Sgol, but not haspin, is required for arm cohesion (Dai et al. 2006).

Interestingly, other proteins that might act independently of Sgol to protect centromeric
cohesion have been identified. Inactivation of the acetyltransferase san in Drosophila or human
cells, like haspin depletion, leads to loss of centromeric cohesin localization and cohesion in
mitosis (Hou et al. 2007) and, at least in Drosophila, this is independent of separase activity
(Williams et al. 2003). Loss of san does not compromise Sgol localization (Williams et al.
2003; Hou et al. 2007). Similarly, depletion of Prohibitin-2 (PHB2) from HelLa cells results in
chromosome alignment defects and premature cohesion loss in mitotic cells, but does not
prevent Sgol or PP2A localization to centromeres (Takata et al. 2007). PHB2 is best known
as a component of inner mitochondrial membranes, but also has been reported to have nuclear
functions (Osman et al. 2009). PHB2 depletion did not affect H3T3ph in mitosis, suggesting
that it does not function by activating haspin kinase activity, buta number of other permutations
of interaction between PHB2 (or san) and haspin can be envisioned. Clearly, further studies
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are required to understand the details of cohesion regulation by haspin and to determine if it is
truly acting in a pathway parallel to that involving Sgol.

Role of H3T3ph

The knowledge that haspin phosphorylates H3T3ph in mitosis raises the obvious question of
the function of H3T3ph. An understanding of this is likely to require consideration of the
context in which H3T3ph is found. Phosphorylation is only one of multiple types of
modification that occur on histones. For example, mono, di-, and tri-methylation of lysine
residues including K4, K9, and K27, dimethylation of arginine residues including R2 and R8,
and acetylation of numerous lysines including K4, K9, and K14 have been reported in histone
H3 alone (Kouzarides 2007; Eot-Houllier et al. 2008). This has led to a number of more or less
stringent definitions of a “histone code” hypothesis stating that different combinations of
histone modifications form a code that is translated by effector or “reader” proteins into distinct
biological functions (Turner 1993; Strahl and Allis 2000; Fischle etal. 2003; Sims and Reinberg
2008). Therefore, the function of H3T3ph may be influenced by adjacent modifications on
histone tails.

A recent report suggested that H3T3ph is always found within a combinatorial modification
pattern with H3K4me3 and H3R8me2 (hamed “PMM?”) in mitotic cells (Markaki et al.
2009). This assertion was based on a combination of mass spectrometry (MS) and
immunochemical data that could not assign modifications with certainty. In contrast, H3T3ph-
containing H3 peptides from mitotic cells observed in more direct MS/MS experiments lack
H3K4me3 and H3R8me2 though in some cases they contain H3K4mel, H3K9me2, and/or
H3S10ph (Garcia et al. 2005; Bonenfant et al. 2007). Further, although subject to the caveats
of epitope occlusion noted earlier, immunofluorescence experiments indicate that H3K4me2,
H3K4me3, and H3T3ph have distinct localizations at centromeres in mitosis (Sullivan and
Karpen 2004; Dai et al. 2006). In addition, at least in vitro, haspin activity towards H3 peptides
is progressively reduced as H3K4 is increasingly methylated (Eswaran et al. 2009). Casas-
Mollano et al. (2008) also reported an inverse relationship between H3T3ph and H3K4mel
versus H3K4me2 and H3K4me3 at promoters in Chlamydomonas cells. Therefore, although
the PMM may exist in cells (Markaki et al. 2009), it seems unlikely that H3T3ph is found only
in this context. We favor the hypothesis that different (though likely partly overlapping)
localizations of modifications such as H3T3ph, H3S10ph, and H3K4 methylation contribute
to the creation of distinct zones of chromatin modification within centromeres and elsewhere
on chromatin that have different functional attributes in mitosis. Crosstalk between
modifications such as an inhibitory effect of H3K4me3 on haspin activity may play a role in
establishing such regionality.

At least three (not entirely separable) molecular events that could be regulated by histone
phosphorylation can be imagined: (1) phosphorylation induces a physiochemical change that
influences interaction between nucleosomes or between histones and DNA. (2)
Phosphorylation creates or abrogates a binding site for a histone-binding protein. (3)
Phosphorylation influences the generation or functional consequences of other histone
modifications. Variations of all three have been proposed for the best studied mark, H3S10ph.
This modification was originally implicated in chromosome condensation in Tetrahymena
(Wei etal. 1999) and it was reported to influence the interaction of H3 tails with DNA, perhaps
altering nucleosome packing (Sauve et al. 1999), an example of a physiochemical mechanism.
However, an H3S10 mutation does not prevent mitotic progression in budding yeast (Hsu et
al. 2000) and the effects of Aurora B on condensation in multicellular organisms may be
independent of H3S10ph (Adams et al. 2001; de la Barre et al. 2001; MacCallum et al. 2002;
Lipp et al. 2007). An instance in which histone phosphorylation generates a protein-binding
site is provided by the H3S10ph-dependent binding of 14-3-3 proteins to H3, an interaction
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that plays a role in regulation of gene transcription (Macdonald et al. 2005). More recently, in
an example of the third mechanism mentioned above, it has been shown that H3S10ph serves
as a component of a “methyl/phospho” switch to regulate the association of histone-binding
proteins with chromatin. The binding of heterochromatin protein-1 (HP1) to H3 peptides is
strongly enhanced by H3K9me3. The phosphorylation of H3S10 adjacent to H3K9me3,
however, prevents HP1 binding and may eject it from pericentromeric heterochromatin during
mitosis (Fischle et al. 2005; Hirota et al. 2005).

Similar mechanisms can be envisaged for H3T3ph. Theoretical arguments suggest that H3T3ph
could contribute to changes in nucleosomal packing, though experimental approaches will be
required to substantiate these ideas (Georgatos et al. 2009). There are a number of published
examples where H3T3ph abrogates the interaction of proteins with histone H3. The direct
binding of the inhibitor of acetyltransferases complex (INHAT) to H3 tail peptides is prevented
by prior T3 phosphorylation in vitro (Schneider et al. 2004). However, H3T3ph is not unique
in this, as H3S10ph and H3T11ph as well as multisite acetylation are also able to dislodge
INHAT. In two other similar in vitro examples, binding of the autoimmune regulator protein
AIRE and the methyltransferase-associated WDR5 protein to the tail of H3 are abrogated by
either H3R2 methylation or H3T3ph (Couture et al. 2006; Koh et al. 2008; Chignola et al.
2009). In addition, the methylation of H3K4 by mixed-lineage leukemia protein is strongly
reduced by H3T3ph (Southall et al. 2009). Whether H3T3 phosphorylation displaces these
proteins from chromatin in cells and if this has functional significance remains to be explored.

The proximity of H3T3 to the H3R2 and H3K4 methylation sites has led to the suggestion that
H3T3ph might operate in a methyl/phospho switch mechanism like that at H3K9/H3S10
(Fischle et al. 2003). Indeed, binding of chromodomain helicase DNA binding protein-1
(CHDL1) to H3 methylated at K4 is abrogated by H3T3ph in vitro (Flanagan et al. 2005).
Although no cell-based experiments have yet directly confirmed this idea, it is quite plausible
that H3T3ph serves to displace a number of H3-binding transcription and chromatin-regulating
factors from chromosomes during mitosis. This process might make way for new chromatin-
binding proteins or chromatin rearrangements that are needed to accomplish chromosome
segregation, without erasing epigenetic histone modifications that control gene expression. It
is also possible that “clearing the deck” in this way provides a means of re-initializing cellular
gene expression programs during mitosis, either to prevent the accumulation of errors over
multiple cell cycles or to help establish new transcriptional profiles in differentiating cells
(Egli et al. 2008). In this last scenario, H3T3ph functions during mitosis but is not directly
required for mitosis itself.

In another example in which phosphorylation alters protein interaction with histones, it was
recently suggested that H3T3ph plays a role in activating Aurora B at centromeres (Rosasco-
Nitcher et al. 2008). In this case, prior addition of H3 peptides to inactive recombinant Aurora
B/INCENP prevented activation of the kinase by TD-60 and microtubules in vitro. Such
inhibition did not occur, however, if the H3 peptides carried H3T3ph, and direct binding
experiments revealed that H3T3ph prevented interaction of the H3 peptides with Aurora B/
INCENP. These results led to a model in which binding of H3 substrate in the active site of
inactive Aurora B prevents activation of the kinase, perhaps by competing with
autophosphorylation of the activation segment. Priming phosphorylation of H3T3 by haspin
prevents H3 association with Aurora B and allows kinase activation to occur, particularly at
centromeres where H3T3ph is concentrated. This hypothesis is currently based almost
exclusively on studies of recombinant proteins in vitro, and further experiments are needed to
confirm that haspin and/or H3T3ph are required for centromeric Aurora B activity in cells. It
will also be of interest to determine if H3T3ph is unique among H3 modifications in its ability
to facilitate Aurora B activation, and to determine if H3T3ph has a direct effect on nearby
H3S10 phosphorylation by Aurora B.
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Finally, though it has yet to be demonstrated, it is appealing to hypothesize the existence of
proteins that bind to H3 only when phosphorylated at T3. As for H3S10ph (Hans and Dimitrov
2001), it has been speculated that H3T3ph might serve to mark chromosomes that have
successfully reached metaphase (Markaki et al. 2009), though the feature(s) of mitotic
progression to which H3T3 or H3S10 would be sensitive and what the reader(s) of these marks
would be are unknown. Of course, a number of other roles for H3T3ph-mediated protein
binding can be imagined. In particular, the centromeric accumulation of H3T3ph suggests that
it might recruit proteins that function at inner centromeres. Such proteins might include
cohesion factors, chromosomal passenger proteins (Ruchaud et al. 2007), or proteins that
contribute to the structural or mechanical properties of centromeres.

centrosomes

EGFP-haspin can be found at centrosomes in mitotic HeLa cells (Dai et al. 2005), and haspin
RNAI leads to the emergence of multiple acentriolar centrosome-like foci during mitosis (Dai
et al. 2009). These observations might lead one to suspect a role for haspin in maintaining
centrosome integrity, particularly since recent work has suggested that cohesin system proteins
localize to centrosomes and regulate centriole disengagement and centrosome-initiated spindle
assembly (Tsou and Stearns 2006; Wang et al. 2008b; Kong et al. 2009). More detailed analyses
revealed that similar centrosomal defects occur when other cohesin system proteins are
depleted, and that they are most likely an indirect effect of cohesion loss at chromosomes.
Indeed, treatment of haspin-depleted mitotic cells with topoisomerase Il inhibitors to prevent
chromosome separation was able to substantially “rescue” the centrosomal defects (Dai et al.
2009). It is possible that loss of chromosome cohesion disturbs the normal integration of
chromosome-dependent and chromosome-independent pathways of spindle formation that are
necessary to maintain bipolarity. It should be emphasized that these findings do not rule out
functions for haspin (or other cohesin-system proteins) at centrosomes, only that such a role
is not necessary to explain the appearance of multiple centrosome-like foci when cohesion
factors are depleted. Further work is needed to determine if endogenous haspin is found at
centrosomes and if it has any function at this location.

Regulation of haspin activity

Haspin phosphorylates histone H3 during mitosis, raising the question of how it is regulated
during the cell cycle. Unlike mitotic kinases such as Aurora B and PIk1 that are degraded at
the end of mitosis (Nigg 2001), human haspin is expressed at near-constant levels throughout
the cell cycle (Dai et al. 2005; Wang F and Higgins JMG, unpublished data). Haspin is,
however, very strongly phosphorylated during mitosis (Dai et al. 2005; Nousiainen et al.
2006), and we have identified approximately 30 mitotic phosphorylation sites in the N-terminal
domain of human haspin (Ulyanova NP and Higgins JMG, unpublished data). Despite this,
haspin immunoprecipitated from interphase and mitotic cells has similar kinase activity (Dai
et al. 2005). Therefore, phosphorylation of haspin does not appear to significantly affect its
intrinsic kinase activity. These findings are reflected in the crystallographic observations
discussed earlier revealing that the kinase domain of haspin is in an active confirmation that
does not require activation segment phosphorylation (Eswaran et al. 2009; Villa et al. 2009).
In vitro analysis of haspin activity reveals that the N-domain alters the enzymatic properties
of the kinase domain, perhaps due to a stabilizing effect on the kinase domain (Eswaran et al.
2009; Villa et al. 2009). Modification or protein binding to the N-domain therefore has the
potential to modulate haspin activity. Phosphorylation of haspin on its N-domain may alter the
access of haspin to its substrates, or might regulate the interaction of haspin with putative
regulatory proteins that control its activity in cells.
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Function of haspin in budding yeast

The functions of the two haspin homologues in budding yeast have not been extensively
studied. For reasons that are unknown, the original deposition of ALK1 in the sequence
databases was accompanied by an annotation suggesting it to be a “novel DNA damage
response gene”. Nespoli et al (2006) later identified Alk1 in a yeast two-hybrid screen with the
DNA damage checkpoint factor Ddc1 as bait. Although they found that both Alk1 and Alk2
are phosphorylated in response to DNA damaging agents, they were unable to determine arole
for either protein in the DNA damage checkpoint or in DNA damage sensitivity.

The abundance of both budding yeast haspin homologues is regulated during the cell cycle.
The ALK1 mRNA is a member of the “CLB2 cluster” of 33 genes that peak in expression in
early mitosis (Spellman et al. 1998). Correspondingly, Alk1 protein levels peak in mitosis
(Nespoli et al. 2006). The amount of ALK2 mRNA is relatively constant during the cell cycle,
but the level of Alk2 protein peaks in early G2 and falls rapidly during anaphase (Sullivan et
al. 2004; Nespoli et al. 2006). Degradation of Alk2 depends upon the presence of “KEN” and
“Destruction” (D) boxes within the protein and appears to be carried out by the APC/C pathway.
Alk1 and Alk2 are also both phosphorylated during mitosis (Nespoli et al. 2006). These
properties are consistent with mitotic roles for Alkl and Alk2. Indeed, although strains of
Saccharomyces cerevisiae lacking ALK1, ALK2 or both genes are viable, overexpression of
Alk2 causes a strong block in mitosis. This arrest is substantially, though not completely,
eliminated when a kinase-defective form of Alk2 is used (Nespoli et al. 2006). Alk2 kinase
activity, therefore, appears to have a so far undetermined role in mitosis.

Germ-line functions of haspin

Although the phosphorylation of H3T3 by haspin and mitotic defects following haspin
depletion has focused attention on its roles in mitosis, it would be a mistake to discount a role
for the kinase in other contexts. In particular, haspin is strongly expressed in post-meiotic round
spermatids (Tanaka et al. 1999). It is tempting to think that haspin functions to modify
chromatin in the special context of spermiogenesis, where histones are replaced by transition
proteins and then protamines to facilitate compaction of chromosomes into the heads of
developing sperm (Wykes and Krawetz 2003). This possibility is made all the more intriguing
by the finding that a small percentage of histones are retained in mature sperm at loci involved
in embryo development, and that modifications such as H3K4me2 and H3K4me3 are enriched
on particular subsets of these histones (Hammoud et al. 2009). It will be interesting to determine
if haspin and H3T3ph influence the retention, removal, or function of histones during
spermiogenesis and early embryogenesis. Possible roles of haspin in meiosis, including in
oocytes, as well as in interphase of somatic cells also remain to be addressed.

Conclusions

Haspin and H3T3 phosphorylation were more recently discovered and have been less
investigated than other mitotic kinase families and histone modifications. Nevertheless, a
number of studies in the last few years have begun to outline features and functions of this
evolutionarily conserved kinase, and to raise new questions for the future. The recognition of
haspin orthologs in model organisms, the description of haspin depletion and overexpression
phenotypes, the production of H3T3ph-specific antibodies, and the determination of crystal
structures of the haspin kinase domain will all facilitate further work. The recent identification
and further development of selective chemical inhibitors of haspin (Patnaik et al. 2008;
Eswaran et al. 2009) should soon allow temporally controlled kinase inhibition in a wide variety
of systems that has previously been impractical. These compounds will also facilitate
evaluation of haspin inhibition as a means to curb cancer cell proliferation (de Cércer et al.

Chromosoma. Author manuscript; available in PMC 2011 April 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Higgins Page 10

2007; Schmidt and Bastians 2007) or curtail spermatogenesis. Many other key questions
remain. How direct is regulation of cohesion by haspin? What are the functions of H3T3ph?
What are other substrates of haspin? Are all functions of haspin dependent on kinase activity?
How is haspin activity regulated? Does haspin have functions outside mitosis? Studies aimed
at answering these questions are likely to provide new insight into the mechanisms of
chromosome segregation, and have the potential to illuminate other fields of research including
chromatin modification and spermatogenesis.
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Fig. 1.

Crystal structure of the kinase domain of human haspin. a Ribbon diagram of human haspin
residues 470-798. Conventional kinase domain B-strand and a-helical elements are shown in
pale green and red, respectively. Unique elements include extra a-helices preceding the small
lobe (light blue), an extra a-helical insert within the small lobe (aulH; dark blue), a B-hairpin
near the hinge region between the two lobes (yellow), and an extended activation segment that
includes the aAS helix (magenta). In this structure, the ATP-mimetic kinase inhibitor 5-
iodotubercidin is bound in the active site and shown as a ball and stick representation. b Ribbon
diagram superimpositions of the haspin kinase domain (magenta) and Cdk2 (green). Some of
the specific features that differ between the two kinases are indicated. ¢ Electrostatic surface
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potential of haspin showing the strongly electronegative putative substrate-binding groove
(predominantly red region), and electropositive regions (blue)
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Fig. 2.

Haspin RNA. eliminates the predominantly centromeric phosphorylation of histone H3 at
threonine-3 during mitosis and leads to chromosome misalignment. Human U20S cells were
transfected with control or haspin sSiRNAs as indicated. H3T3ph antibody staining is shown in
red, microtubules (a-tubulin) in green, and DNA in blue
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