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Mammalian polo-like kinases (Plks) 
are characterized by the presence 

of an N-terminal protein kinase domain 
and a C-terminal polo-box domain 
(PBD) involved in substrate binding and 
regulation of kinase activity. Plk1-4 have 
traditionally been linked to cell cycle 
progression, genotoxic stress and, more 
recently, neuron biology. Recently, a fifth 
mammalian Plk family member, Plk5, 
has been characterized in murine and 
human cells. Plk5 is expressed mainly in 
differentiated tissues such as the cerebel-
lum. Despite apparent loss of catalytic 
activity and a stop codon in the middle 
of the human gene, Plk5 proteins retain 
important functions in neuron biology. 
Notably, its expression is silenced by epi-
genetic alterations in brain tumors, such 
as glioblastomas, and its re-expression 
prevents cell proliferation of these tumor 
cells. In this review, we will focus on the 
non-cell cycle roles of Plks, the biology 
of the new member of the family and the 
possible kinase- and PBD-independent 
functions of polo-like kinases.

General Overview of the 
Mammalian Polo-Like  

Kinase Family

During the 1980s, genetic screens in yeast 
and Drosophila led to the discovery of 
crucial mitotic regulators including polo 
kinase.1-4 Successive studies revealed that 
this kinase is well conserved through 
evolution, from budding yeast (Cdc5) 
to Drosophila (polo), Xenopus (Plxs) 
and mammals [polo-like kinases (Plks)] 
(Fig. 1). All polo kinases share a conserved 
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N-terminal kinase catalytic domain and 
one or more C-terminal polo boxes (polo-
box domain or PBD; Fig. 2), which are 
involved in binding to substrates (reviewed 
in ref. 5).

The founding member of the family, 
Plk1, and its orthologs polo and Cdc5 
are master regulators of cell division. By 
phosphorylating different substrates, Plk1 
controls a number of processes through-
out the cell cycle, including centrosome 
maturation,6 mitotic entry,7-10 chromo-
some segregation9,11,12 and cytokinesis13-19 
(Fig. 3). Accordingly, Plk1 localizes to the 
cytoplasm and centrosomes in interphase 
and concentrates to the kinetochores and 
the cytokinetic bridge during cell divi-
sion. Inhibition of Plk1 function by RNA 
interference or small-molecule inhibitors 
results in failure to establish a bipolar spin-
dle and to properly attach kinetochores 
to microtubules.20,21 Plk1 is an essential 
gene. Cdc5 and Drosophila polo-null 
mutants are lethal,1,22 and Plk1-null mice 
die at the morula stage due to a massive 
mitotic arrest (Wachowicz P, de Cárcer G, 
Malumbres M, unpublished data).

The other mammalian Plks belong to 
two different subfamilies with distinc-
tive functions and evolutionary histories. 
Plk4 (also known as SAK23) is found in 
all animals and scattered other eukary-
otes, and it acts as a critical regulator of 
centriole duplication both in Drosophila 
and mammals.24-27 Alteration of Plk4 
levels leads to aberrations in centriole 
biogenesis and subsequent problems in 
cell division due to severe mitotic dis-
ruption, eventually inducing aneuploidy. 
Plk4-null mice die at midgestation28 and 
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systems, Drosophila and C. elegans. Most 
animals have a single PLK2 gene, but in 
vertebrates, this has duplicated to generate 
Plk2 and Plk3. A second duplication gave 
rise to Plk5, which is found in most mam-
mals as well as in Xenopus, but has been 
secondarily lost in birds and is not found 
in fish (Fig. 1). The Plk5 sequence has 
evolved much faster than those of Plk2 or 
Plk3, including three separate mutations 
that at first appeared to be pseudogeniza-
tion events. The human Plk5 transcript 
encodes a premature stop codon that 
disrupts the open reading frame near the 
end of the kinase domain and is followed 
by a frameshifting indel. Curiously, all 
human expressed sequences skip the con-
stitutive exon following the indel and, so, 
restore the proper reading frame, though 
at the cost of losing part of the first polo 
box. This stop and frameshift are not 
seen in primate orthologs, but the chimp 
sequence has an independent stop, also 
within the kinase domain. Yet another 
disabling mutation is seen in the cow: a 
frameshift between the kinase domain 
and the first PBD, which should also lead 
to a truncated protein. Plk5 genes can be 
predicted from most other vertebrate draft 
genomes, though many of the assemblies 
are incomplete and lack parts of the gene. 
All Plk5 orthologs have lost the main acti-
vatory autophosphorylation site (T210 in 
human Plk1) and have changed the kinase 
motif DFG to DLG, which is not seen in 

encode expressed proteins, whereas the 
mouse protein contains a complete kinase 
domain and PBD, the human ortholog 
appears to re-initiate translation after 
the stop, expressing only a small por-
tion of the kinase domain along with the 
PBD (Fig. 4).48,49 Plk5 is upregulated in 
serum-starved fibroblasts as they exit the 
cell cycle, and overexpression of mouse or 
human Plk5 arrests cells at a G

0
/G

1
-like 

stage, with increased expression of the cell 
cycle inhibitor p21Cip1. Plk5 does not need 
kinase activity to exert the cell cycle arrest, 
since this phenotype can be achieved by 
expressing the human protein, which lacks 
the kinase domain, or a kinase-dead form 
of the mouse protein.48

Evolution of the Polo-Like  
Kinase Family

Polo kinases are found in all eukaryotic 
lineages other than plants and apicom-
plexans. The PLK1 subfamily is universal 
within this group, highlighting its criti-
cal role in the cell cycle (Figs. 1 and 3). 
SAK/Plk4 is found in all animals, and a 
few other lineages (some fungi and cili-
ates). This protein emerged from a Plk1-
like ancestor and specialized in centriole 
biogenesis, uncoupling this activity from 
other more general functions in the cell 
cycle retained by Plk1.50 PLK2 is restricted 
to bilaterian animals and is absent from 
many of those, including the model 

heterozygous mice develop aneuploid  
tumors.29,30

Plk2, 3 and 5 belong to the PLK2 sub-
family, which is found only in some bila-
terian animals (Figs. 1 and 2). Plk2 (also 
known as SNK31,32) expression and activ-
ity peak as cells enter S phase.32,33 Plk2 
is concentrated at the centrosomes, and 
inhibition of Plk2 results in an aberrant 
number of centrioles.34-36 However, Plk2 
knockout mice are viable, suggesting that 
Plk2 is not essential and might be replaced 
by other Plks.33 Plk3 (also named FNK or 
PRK37,38) mRNA levels peak in G

1
 phase, 

although the protein levels are constant 
across the cell cycle.38,39 Plk3 is required 
at the G

1
-S phase transition, where it pro-

motes the accumulation of cyclin E and 
activation of Cdc25A, favoring DNA rep-
lication.40,41 It has also been proposed that 
Plk3 might sense genotoxic stress, leading 
to cell cycle arrest and apoptosis by sev-
eral mechanisms, including a p53-depen-
dent pathway.39,42-44 Plk3-deficient mice 
are also viable, although prone to tumor 
development.45

A fifth member of the family has been 
recently described. Human Plk5 was 
first identified as a pseudogene contain-
ing a single stop codon within the kinase 
domain.46 The orthologous mouse locus 
was found to encode a full-length pro-
tein.47 Surprisingly, two independent 
groups have recently demonstrated that 
both the murine and human Plk5 genes 

Figure 1. Polo-like kinases in different taxons. Polo kinases are found in all eukaryotic lineages other than plants and apicomplexans. Yeast such Sac-
charomyces cerevisae and Schizosaccharomyces pombe only have one polo-like kinase. Invertebrates, like Caenorhabditis elegans or fruit flies (Dro-
sophila), have Plk genes belonging to the PLK1 and SAK, but not PLK2, subfamilies. The PLK2 subfamily is present in vertebrates as well as in some 
other bilaterians, such as sea urchin (Strongylocentrotus purpuratus). Plk5 is present in mammals, although amphibians (Xenopus laevis) also contain a 
divergent but probably true ortholog of this protein (Plx5).
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However, there is increasing evidence 
for Plk functions beyond cell prolifera-
tion, particularly for the PLK2 subfam-
ily (reviewed in ref. 54). Although first 
described more than 10 years ago,55 it 
was only recently that the role of Plk2 
(and possibly Plk3) in neurons has been 
explored. Plk2 is upregulated during 
neuronal activity, and its activation influ-
ences the modulation of synapsis in both 
proximal and distal dendrites. Plk2 phos-
phorylates SPAR (spine-associated pro-
tein), leading to SPAR degradation via 
a β-TrCP phosphodegron.56 Plk2 inter-
acts with SPAR through its PBD, and 
this requires a priming phosphorylation 
of SPAR by Cdk5.57 SPAR promotes the 
growth of dendritic spines, the postsyn-
aptic compartment of excitatory synapses. 
SPAR degradation causes the depletion of 
a core postsynaptic scaffolding molecule 
(PSD‑95), leading to loss of mature den-
dritic spines and synapses.58 Plk2 overex-
pression causes depletion of mature spines 
and the overgrowth of thin filopodia-like 
spines, promoting synapse loss. In addi-
tion, Plk2 leads to modulation of distal 
dendrite synapses during chronic overexci-
tation in a kinase- and PBD-independent 
manner.59 Plk2 interacts directly with the 
N-ethylmaleimide-sensitive fusion pro-
tein (NSF), causing it to dissociate from 

temporal and parietal lobes, putamen and 
trigeminal ganglion (Fig. 5), but surpris-
ingly, there is almost no expression at the 
cerebellum. Plk3 is mainly found in the 
human respiratory organs, such as lungs, 
trachea and bronchus as well as in gastro-
intestinal mucosa.37,53

Plk5 is only expressed in a few non-
proliferative tissues.48 Plk5 is highly 
expressed in the central nervous system, 
mainly in the brain cortical neurons and 
glia cells and in the granular layer of 
the cerebellum. According to available 
mRNA expression arrays, Plk5 is mostly 
transcribed in the cerebellum (Fig. 5). 
Interestingly, both Plk2, the other polo-
like kinase with neuronal functions, and 
Plk3 are almost absent from the cerebel-
lum. This suggests that that Plk5 may 
have a Plk2-like role in the cerebellum. In 
addition, using human tissue arrays, we 
have previously found milder Plk5 expres-
sion in highly differentiated tissues, such 
as cells of the serous acini in the parotid 
gland, distal and proximal tubules of the 
kidney and tubules of the seminal gland.48

Polo-Like Kinase Roles  
Beyond Cell Cycle Progression

As mentioned above, Plks are tradition-
ally implicated in cell cycle progression. 

any other Plks. These changes may have 
lead to the lack of observable kinase activ-
ity in the mouse Plk5.48 In addition, Plk5 
has lost the conserved key residues in the 
second PBD that are involved in phospho-
substrate binding (Figs. 2 and 4).

Tissue-Specific Expression  
of Mammalian Plks

Mammalian Plks have distinctive tissue-
specific expression.51 Human Plk1 and 
Plk4 are highly expressed in all embryonic 
tissues, matching their high rate of prolif-
eration, and, in adults, are predominantly 
found in proliferative tissues, such as the 
testis and bone marrow. Plk1 is not sig-
nificantly detected in other tissues, such as 
liver, kidney, brain or lung, indicating that 
cell proliferation is the main driver of Plk1 
expression.52

By contrast, Plk2 and Plk3 transcripts 
are more widely expressed throughout dis-
tinct proliferative and non-proliferative tis-
sues. For instance, Plk2 is found in testis, 
mammary gland, spleen, uterus, trachea 
and cardiomyocytes. Plk2 is also highly 
expressed in the central nervous system 
and is involved in synaptic homeostasis 
and neuronal differentiation (see below). 
Plk2 is most highly expressed in the 
cerebral cortex, hippocampus, occipital, 

Figure 2. The human Plk family. The red tree on the left represents the phylogeny of the five human Plk proteins. Numbers indicate the percentage 
of sequence indentity of each Plk compared to PLK1. The protein structure of each Plk is aligned using the kinase domain (yellow box). Polo boxes are 
shown in blue, and the PBind motif is represented as a red box. Key residues of the kinase domain (acceptor Lysine and T-loop Threonine) are indi-
cated. Similarly, the key residues for substrate recognition in the PBD are shown.
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and disrupt its function without affect-
ing kinase activity.62,63 Later studies con-
firmed that the PBD is also required for 
proper localization and function of other 
Plks.64 In a phosphopeptide binding 
screen65 and a crystallographic study,66 
M. Yaffe and colleagues described in 
2003 how Plks recognize their substrates 
through the PBD domain. The PBD con-
tains a phosphopeptide-binding motif, 
having a strong substrate affinity for either 
phospho-Serine or phospho-Threonine 
residues located in the consensus peptide 
Ser-pSer/pThr-Pro. Structurally, each polo 
box folds close to the other one creating a 
“pincer” that is able to grab the phospho-
peptide. Phosphorylation of a substrate by 
other kinases (such as Cdk1 or Cdk5) pro-
vides a docking site, allowing Plks to addi-
tionally phosphorylate the substrate. This 
is probably the main cause of the specific 

factor (BDGF) or Ras pathway activation 
both in rat PC12 cells and in mouse pri-
mary hippocampus neuroblasts.48 Since 
Plk5 is expressed in specific regions of 
the central nervous system, where Plk2 or 
Plk3 are not significantly expressed (Fig. 
5), it is tempting to speculate that Plk5 
may perform in these cells at least some of 
the functions exerted by Plk2/3 in other 
areas of the brain.

Are the Kinase or Polo Domains 
Essential for Plk Function?

The lack of a functional kinase domain 
and the partial degeneration of the 
PBD in Plk5 highlight the question of 
whether other Plks have kinase- or PBD-
independent roles. Specific mutations in 
critical residues of the PBD are sufficient 
to delocalize yeast or mammalian Plk1 

GluA2-type glutamate receptors. This 
leads to intracellular sequestration of 
GluA2 in complex with adaptor proteins 
and the subsequent reduction in signal 
transmission through AMPA receptors in 
rat hippocampal neurons.59

Experimental evidence also implicates 
Plk2 in neuronal cell differentiation.60 
Using different stimuli on neuroblasts, 
Plk2 was found to be required for neu-
ronal differentiation driven by neuronal 
growth factor (NGF). Plk2 and Plk3 
might also be important elements in cer-
tain neurological diseases, since Plk2, and 
possibly Plk3, are able to phosphorylate 
neuronal alpha-synuclein, a phospho-
protein accumulated in neurodegenerative 
diseases, such as Parkinson disease and 
dementia with Lewy bodies.61 Plk5 also 
seems to modulate neurite formation in 
response to NGF, brain-derived growth 

Figure 3. Cellular functions of Plks. Plk1-4 are implicated in cell cycle processes, such as centriole duplication (Plk2 and Plk4); DNA replication (Plk3); 
centrosome separation and maturation (Plk1); mitotic entry (Plk1); spindle formation, chromosome segregation and cytokinesis (Plk1). On the other 
hand, Plk2 and Plk5 (and probably Plk3) are involved in non-proliferative functions, such as neuron differentiation (Plk2 and Plk5) and synaptic homeo-
stasis (Plk2). DDR, DNA damage response; SAC, spindle assembly checkpoint.
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explained by the presence of a dominant 
function that is independent of the kinase 
domain.

Since Plk2 does not require either 
the kinase domain or the PBD for these 
functions, it is tempting to speculate that 
Plk5 has evolved to maintain these func-
tions in the cerebellum, where Plk2 is not 
expressed, without the need to maintain 
a complete and active kinase domain. 
One possibility is that binding of these 
inactive kinases to putative substrates 
competes with their phosphorylation by 
other active Plks. However, the exclusive 
expression of PLK5 in tissues such as the 
cerebellum argues that it does not act 
just by sequestering interaction partners. 
Altogether, these findings suggest that 
Plks can also interact with some of their 
partners through a PBD-independent 
binding mechanism and may have kinase-
independent functions.

Polo-Like Kinases in Tumor 
Development and Therapy

A number of mitotic targets have been pro-
posed as cancer therapeutic targets.72-74 The 
requirement for PLK1 during mitotic entry 
led to the development of small-molecule 
inhibitors of this kinase, some of which 
are now in clinical trials.75-77 However, 
although PLK1 displays some oncogenic 
activity, all Plks may also function as tumor 
suppressors.75 Human PLK2 is methyl-
ated and silenced in hematopoietic,78-80 

fact that Plk2 can bind to proteins using 
another region in the PBD not impli-
cated in the classical substrate recognition 
model. Plk2 binds to NSF using a motif 
(PBind; Fig. 4) located at the boundary 
of the PB1 and the linker region. This 
region contains two residues that impair 
binding when mutated to alanine (Gly451 
and Ser455). These residues are conserved 
throughout vertebrate Plk5 and Plk3 
(which also binds to NSF) but are not 
found in Plk1. This might reflect a new 
functional mode for Plks in non-dividing 
tissues, where the classical upstream acti-
vators and priming kinases might not be 
present.

The dispensability of the kinase domain 
is less documented, although there is some 
support in the literature. First, Plk2 seems 
to control synaptic homeostasis indepen-
dently of the kinase activity.59 The expres-
sion of the Plk2 kinase-dead mutant 
does not impair reduction of GluA2 lev-
els in dendritic spines, exerting the very 
same phenotype as the wild-type Plk2. 
However, the most extreme example of 
dispensability of the kinase domain is rep-
resented by Plk5. The murine Plk5 lacks 
kinase activity,48 most probably due to 
the mutations in the activation of T-loop 
and the DFG motif. Even more dramati-
cally, the premature stop codon results in 
deletion of most of the kinase domain in 
the human ortholog (Fig. 4). The recur-
rent disruption of the protein in human, 
chimp and cow can therefore be partially 

and variable subcellular localization of 
Plks during the cell cycle (for instance 
the centrosomes and kinetochores during 
mitosis for Plk1).66

Other studies, however, have shown 
that the PBD is not completely required 
for Plk regulation and localization. Plk1 
can bind unphosphorylated substrates, and 
mutants that cannot bind phosphorylated 
residues still localize to the centrosomes.67 
Moreover, Drosophila polo localizes to 
interphase microtubules by interacting 
with a microtubule-associated protein, 
Map205, in a manner that requires both 
the PBD and the kinase domain but 
not the priming phosphorylation.68 In a 
similar fashion, the interaction between 
Plk1 and Bora might not require prim-
ing phosphorylation, and either the PBD 
or the kinase domain appear to be suf-
ficient for the interaction.69 Finally, Plk4 
kinases have an additional region called 
the “crypto-polo box.”70,71 This cryto-
polo-box domain displays weak homology 
with the consensus PBD, although it is 
also able to target Plk4 to the centrosome. 
Only when both the canonical PBD and 
the crypto-box are removed from Plk4 
does the kinase fail to localize at the cen-
trosome, and its function is suppressed.

It is therefore possible that Plks have 
additional scaffolding functions, since 
they are much longer than just the kinase 
or polo-box domains (which account for 
only half of the length for all mammalian 
Plks). A good illustration of this is the 

Figure 4. Plk5 structure and the PBind motif. The murine Plk5 (as well as most other mammalian Plk5s) presents a full kinase domain although it lacks 
key T-loop activatory residues (See Fig. 2 for a comparison). The human PLK5 protein lacks almost the whole kinase domain due to the presence of a 
STOP codon. Both orthologs lack the main residues for phosphosubstrate recognition in the polo-box domain (PBD). Murine (not shown) and human 
PLK5 proteins display high sequence similarity in the PBind motif present in PLK2 and PLK3, but not in PLK1 (bottom alignment).
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functions may be independent of the polo-
box or even the kinase domain is even 
more surprising and adds an extra grade 
of molecular complexity to the biology of 
“polo-like kinases.” As frequently happens 
in the human genome, not everything is 
in the name.
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The fact that some members of the Plk 
family seem to play a role as tumor sup-
pressors requires reevaluating the possible 
negative secondary effects of these drugs. 
In addition, the new roles of some Plks in 
non-dividing tissues, such as brain tissues, 
raises similar concerns regarding the non-
desired side effects of pan-Plk inhibitors.

Conclusions

The experimental evidence accumulated 
in recent years suggests that the biology 
of polo-like kinases is much more com-
plex than previously anticipated from the 
Drosophila or yeast proteins. How these 
proteins have evolved to control divergent 
functions, such as centriole function or 
neuron biology, is an intriguing question. 
Besides the “classical” functions of Plks in 
the regulation of the cell cycle (Fig. 3), it 
is now obvious that these are important 
regulators of non-proliferative events, 
such as cell differentiation or synaptic 
homeostasis. The fact that some of these 

ovarian81 and liver82 neoplasias, and Plk1- 
(reviewed in ref. 83 and Wachowicz P, de 
Cárcer G and Malumbres M, unpublished 
data), Plk3-45 and Plk4,30-deficient mice 
display increased susceptibility to tumor 
development.

Similarly, the novel Plk5 seems to 
act as an antiproliferative signal both in 
humans and rodents. Plk5 might play a 
role in sensitizing genotoxic stress,49 and 
its expression leads to a p53 and p21Cip1-
dependent cell cycle arrest.48 Moreover, 
silencing of the murine Plk5 in fibro-
blasts synergizes with oncogenic processes 
driven by the Ras oncogene.48 In humans, 
PLK5 is hypermethylated and silenced in 
brain tumors, and its re-expression leads 
to apoptotic death of glioblastoma cells in 
a kinase-independent manner.48

Nowadays there is an increasing list 
of small compounds intended to inhibit 
PLK1 for cancer therapy. These drugs are 
not only classical ATP competitors, but 
also are able to inhibit Plk1 allosterically 
by impairing PBD binding to substrates.73 

Figure 5. Expression of human PLK1-5 in the central nervous system. PLK2 and PLK5 are highly expressed in certain anatomical areas of the brain. The 
bottom blown up part shows in detail how PLK5 complements precisely the low expression of PLK2 into the cerebellar cortex. The mRNA expression 
data was obtained from the Allen Institute for Brain Science (http://human.brain-map.org). High expression shown in red, low in green.
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