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Tyr(less) kinase signaling during mitosis
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ABSTRACT
Tyrosine phosphorylation is rare, representing only about 0.5% of phosphorylations in the cell under basal
conditions. While mitogenic tyrosine kinase signaling has been extensively explored, the role of
phosphotyrosine signaling across the cell cycle and in particular during mitosis is poorly understood.

Two recent, independent studies tackled this question from different angles to reveal exciting new
insights into the role of this modification during cell division. Caron et al.1 exploited mitotic
phosphoproteomics data sets to determine the extent of mitotic tyrosine phosphorylation, and St-Denis
et al.2 identified protein tyrosine phosphatases from all subfamilies as regulators of mitotic progression or
spindle formation. These studied collectively revealed that tyrosine phosphorylation may play a more
prominent and active role in mitotic progression than previously appreciated.
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Protein phosphorylation is well recognized as a major mode of
post-translational regulation. The human genome encodes over
23,000 proteins; more than two-thirds phosphorylated.3 Phos-
phorylation is a crucial component of signal transduction, regu-
lating pathways that control processes from cell division to cell
death. At the molecular level, reversible phosphorylation can
lead to changes in protein structure and stability, protein–pro-
tein interactions, enzyme activation, or subcellular localization.
Phosphorylation is most dynamic during the mitotic stage of
the cell cycle,4 and many mitotic phosphoproteome studies
have resulted in a wealth of data on serine (Ser) and threonine
(Thr) phosphorylation events. However, phosphotyrosine
(pTyr) sites are relatively rare, and are underrepresented even
in large scale mitosis-specific phosphoproteome studies. Semi-
nal work from many groups in the 1980s, 1990s and early
2000s has revealed remarkable insight into how tyrosine (Tyr)
phosphorylation regulates many aspects of growth and devel-
opment. It is an integral component of cell surface signaling by
receptors such as receptor tyrosine kinases, and integrins which
signal in part via intracellular kinases such as the Src-family
kinases (SFKs).5 These cell surface signals are then propagated
throughout the cytoplasm and nucleus through signaling net-
works often involving feedbacks and crosstalks to finally elicit
the appropriate response. A number of tissue-specific pTyr
screens have been reported (e.g. 6-8) but little is known about
Tyr phosphorylation dynamics throughout the cell cycle, leav-
ing a significant gap in our understanding of cell cycle control.

The best understood pTyr site regulated during mitosis is
arguably the inhibitory phosphorylation of cyclin-dependent
kinase (CDK1) at Tyr,15 which is catalyzed by WEE1 and
MYT1, and whose dephosphorylation serves as the basis for the

switch-like activity of CDK1/cyclin B at mitotic entry.9 Tyr
phosphorylation at the spindle was clearly demonstrated almost
20 years ago when pTyr-containing epitopes, detected by the
monoclonal 4G10 pTyr antibody, were observed at kineto-
chores and centrosomes in the rat cell line PtK1.10 More recent
work showed that inhibition of SFKs or another intracellular
Tyr kinase, ABL, resulted in spindle and mitotic progression
defects.11-13 Moreover, activation of the cell surface EGFR has
been shown to determine the timing of centrosome separa-
tion,14 and can selectively activate downstream signaling com-
ponents, including Src, during mitosis.15 Thus, while pTyr
signaling appears relevant to spindle formation and function,
the mitotic substrates and signaling pathways regulated by Tyr
phosphorylation in mitotic human cells are not yet defined.

Collectively, these observations prompted us to identify and
explore Tyr phosphorylation in the human mitotic phosphosig-
nalling space.1 Our integrated approach revealed extensive Tyr
phosphorylation during mitosis, particularly at the spindle and
associated structures. We first determined the localization of
pTyr signals in mitotic HeLa cells and the non-cancerous
immortalized RPE1 cells, and we verified the presence of prom-
inent spindle-associated Tyr phosphorylation during mitosis
using a panel of different anti-pTyr antibodies. Tyr phosphory-
lation signals were augmented in the presence of phosphatase
inhibitors and lost after phosphatase pretreatment of permeabl-
ised cells, demonstrating specificity of the signals. To help eval-
uate the extent and role of pTyr during mitosis, we turned to
quantitative, high-resolution and phosphoproteome-wide cell
cycle studies that have also identified a number of Tyr phos-
phorylation sites during mitosis.16,17 We collated 1950 pTyr
sites on 1344 proteins in HeLa cells from large-scale
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phosphoproteomics studies in mitotic cell extracts. Using an
integrated approach, we identified a number of subnetworks
that are likely regulated by Tyr phosphorylation, including a
subnetwork enriched for SFKs. Importantly, we defined for the
first time a dedicated kinetochore/spindle subnetwork of pTyr
containing proteins, in agreement with immunofluorescence
observations. Bioinformatics confirmed enrichment of SFK
phosphorylation motifs at the spindle, which was verified by
chemical inhibition of SFKs.

One of our most striking observations was the identification
of pTyr sites in the vicinity of Ser-Pro motifs, known to be the
minimal motif for phosphorylation by mitogen activated protein
kinases and CDKs. Phosphorylation on the neighboring Ser-Pro
and Tyr motifs were identified in the vast majority of cases, and
in a number of instances, peptides doubly phosphorylated at
both the Pro-directed Ser as well as the Tyr were identified in
the collated data set. These observations raise the intriguing pos-
sibility of cross-talk between CDKs and tyrosine kinases during
mitosis, an idea which will require further investigation.

Another interesting observation was the preponderance of
Tyr phosphorylation in kinase domains in general, and Tyr
kinase domains in particular, highlighting the importance of
crosstalk and autoregulation, respectively. Of particular inter-
est, the key centrosome and kinetochore kinase polo-like kinase
1 (PLK1) was found to be phosphorylated at Tyr217 in the PC1
loop of the kinase domain. Substitution of the native Tyr with a
phosphomimetic amino acid completely abrogated PLK1 activ-
ity and subsequent downstream PLK1 signaling, suggesting
that phosphorylation at this site is incompatible with catalysis.
Considering that PLK1 activity is critical to multiple mitotic
events, it is unlikely that phosphorylation of this site occurs
with significant stoichiometry, but may instead serve as a
mechanism to selectively and rapidly inhibit sub-populations
of PLK1 during rapid mitotic transitions. Nevertheless, a Tyr at

this position is highly conserved among many Ser/Thr kinase
subfamilies, and the identification of inhibitory phosphoryla-
tion at this position in other Ser/Thr kinases again illustrates
that this kind of regulatory cross-talk between kinase families
maybe more widespread than previously appreciated.18

An independent study looking at the flip-side of the coin
-phosphatases- arrived to similar conclusions. St-Denis et al.
used a combination of phosphatase interaction screens and a fol-
low-up phenotypic screen to explore the cellular functions of
protein phosphatase.2 To specifically target mitosis, the authors
performed an endoribonuclease-generated small interfering RNA
(esiRNA) screen targeting 151 phosphatases and 77 known phos-
phatase regulatory subunits to determine mitotic phenotypes
associated with depletion of these phosphatases. After a second-
ary orthogonal screen to verify the primary hits, 33 phosphatases
or their regulatory units were found to have an effect on mitotic
progression, spindle formation or both. Strikingly,13 of these
belonged to the protein tyrosine phosphatase (PTP) family, and
every PTP subgroup was represented in the data set. Individual
PTPs were found to play distinct roles in mitotic progression,
including microtubule spindle stability (CDC14A), cell-matrix
attachment (PTPRF), and mitotic exit (DUSP19). Of particular
interst in this study was the identification of the atypical PTP
DUSP23 (also known as VHZ) as a regulator of centriole dupli-
cation. DUSP23 likely elicits this function through association
with PLK4 activity, a maste regulator centrosome biogenesis, and
modification of its catalytic activity.2

Future challenges in studying pTyr phospohryaltion
during mitosis

All in all, the observations from these two publications argue
strongly that the regulation of Tyr phosphorylation is an
important aspect of faithful mitotic cell division (Fig. 1).

Figure 1. Phosphotyrosine writers and erasures during mitosis. (A) During early mitosis, retraction of actin-rich focation adhesiosn results in retraction -like fibers which
may be regulated by the PTPRF phosphatase. (B) During mitosis, the Src Family Kinases (SFKs), and the CDC14A phosphatase contribute to proper spindle formation. SFKs
and th ABL kinase have also both been implicated in spindle positioning and spindle orientation, whereas DUSP23 may regulate centriole biogenesis in S- phase thereby
contributing to spindle bipolarity. (C) DSUP19 is thought to regulate the duration of anaphase whereas SFKs may play a role in cytokinesis.
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Clearly, much work remains to be done to more fully appreci-
ate the extent and importance of pTyr modification during
mitosis.

An obvious fellow-up that emergesfrom these studies will be
the identification of sites specifically up-and downregulated
during cell division. This will initially require meticulous and
quantitative mass spectrometry approaches to identify these
sites and their dynamics, which is unlikely to be trivial consid-
ering the general scarcity of this modification. The recent
improvement in immunoaffinity methods and the development
of novel pTyr enrichment approaches will undoubtedly play an
important role in this process.19,20

An related challenge will be matching these pTyr site to their
physiological readers and writers, as well as determining their
functional significance to mitotic fidelity. Current literature
strongly point to the pleiotropic SFKs as good candidates for
the writers and the mitotic phosphatase screen revealed unex-
pected input from various but poorly understood PTPs. The
phenotypic phosphatase screen revealed important insights
into mitotic events that are regulated by tyrosine phosphatases
which will direct future functional endeavors. Finally, what
is the extent of cross-talk between Tyr kinases and the predom-
inantly Ser�eThr kinases that drive mitosis, and when and where
is this cross-talk occuring? Clearing, exciting times are ahead
for kinase signaling in mitosis.
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