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Abstract

Cell cycle progression from G2 phase into mitosis is regulated by a complex network of
mechanisms, all of which finally control the timing of Cyclin B/CDK1 activation. PLK1
regulates a network of events that contribute to regulating G2/M phase progression. Here we
have used a proteomics approach to identify proteins that specifically bind to the Polobox
domain of PLK1. This identified a panel of proteins that were either associated with PLK1 in
G2 phase and/or mitosis, the strongest interaction being with the MAPK scaffold protein
JIP4. PLK1 binding to JIP4 was found in G2 phase and mitosis, and PLK1 binding was self-
primed by PLK1 phosphorylation of JIP4. PLK1 binding is required for JIP4-dependent
p38MAPK activation in G2 phase during normal cell cycle progression, but not in either G2
phase or mitotic stress response. Finally, JIP4 is a target for caspase-dependent cleavage in
mitotically arrested cells. The role for the PLK1-JIP4 regulated p38MAPK activation in G2

phase is unclear, but it does not affect either progression into or through mitosis.
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1. Introduction

Entry into mitosis is at its most basic level controlled by the activation of Cyclin B/CDK1.
Cyclin B/CDKU1 is regulated in a complex manner, but the final step in its regulation is the
removal of the inhibitory phosphorylation of Thr14 and Tyr15 on the CDK1 subunit by the
dual specificity CDC25 phosphatases. The three members of this family CDC25A,B,C have
all been demonstrated to have roles in progression into mitosis, although CDC25B appears to
be most responsible for the timing of Cyclin B/CDK1 activation and progression into mitosis
[1-4]. The inhibitory CDK1 Tyr15 phosphorylation is primarily regulated by the Weel
kinase, and inhibition of WEEL is sufficient to prematurely drive cells in mitosis [5]. Multiple
mechanisms operate upstream of WEE1 and CDC25 to regulate this final step in response to
a range of different stimuli and stresses. Many of the mechanisms identified appear to
directly or indirectly regulate CDC25B activity. DNA damage can utilise ATM/ATR
checkpoint signaling to block entry into mitosis, in part through inhibition of CDC25-
dependent dephosphorylation [1]. The p38MAPK pathway acting through MAPKAPK?2
(MK2) is also a critical regulator of sustained G2 phase arrest in response to DNA damage,
acting through cytoplasmic factors [6, 7], and in response to stresses such as osmotic shock
can also directly phosphorylate and regulate CDC25B activity and stability [8, 9]. Acute
activation of MEK/ERK signaling in G2 phase similarly delays entry into mitosis by
destabilizing CDC25B [10]. Cyclin A/CDK?2 is a regulator of the timing of Cyclin B/CDK1
activation in both normal progression into mitosis and recovery from a G2 phase checkpoint

arrest, and is the target of CDC25B [2, 11].

PLK1 is required for normal entry into mitosis and recovery from the checkpoint
arrest [12, 13]. It regulates G2 phase progression via a number of mechanisms. It regulates
WEEL stability [14], Cyclin B1 nuclear localization [15] and FoxM1 transcriptional activity

that regulates the expression of a large number of mitotic regulators [16]. Much of the
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function and substrate specificity of PLK1 is conferred by its Polobox domain (PBD) which
binds primarily to mitotic phospho-Ser/Thr residues [17] and confers functional specificity
[18, 19]. A number of studies have taken a proteomics approach to identify mitotic PLK1
PBD-dependent binding partners and substrates [20, 21]. However, these studies have
identified few novel regulators of G2/M phase progression. This suggests that the PLK1-
dependent regulation of progression into mitosis involves binding of specific targets during
G2 phase. Here we have used a proteomics approach to identify proteins that bind to the
PLK1 PBD during G2 phase that may contribute to the PLK1-regualted G2 phase

progression.

2. Materials and Methods

2.1 Cell culture and synchrony

HelLa, U20S, HEK293T and HaCaT cell lines were cultured in DMEM (Gibco/Sigma)
supplemented with 10% FBS (Bovogen), 2 mM L-glutamine (Gibco/Sigma), 1mM sodium
pyruvate (Gibco/Sigma), and 20 mM Hepes (Gibco/Sigma). Asynchronously growing cells
were synchronized to G2 phase by single thymidine block (2.5 mM) for 16-18 hours, released
into DMEM further supplemented with 24 mM Thymidine and 24 mM 2-deoxycytidine and
harvested 8 hours post release. For mitotic block 0.5 mg/ml nocodazole (Sigma) was added to
asynchronously growing cells for 24 hours and harvested by shake off. For osmotic shock
experiments, D-sorbitol (Sigma) was added to cells for a final concentration of 0.5M 30
minutes prior to harvesting. For flow cytometery, cells were fixed in 70% EtOH at -20°C

overnight then stained with propidium iodide (2ug/ml propidium iodide, 0.5mg/ml RNase A



in PBS). DNA profiles of cells were analysed by FACS (BD FACSCanto) with G1, S, and
G2/M populations quantified by analysis of histograms generated by FlowJo data analysis

software (Ashland, Oregan, USA).

2.2 Immunoblotting

Cells were harvested and lysed on ice for 30 min with NETN lysis buffer (100 mM NacCl, 20
mM Tris-HCI pH 7.4, 1 mM EDTA, 0.5% IGEPAL CA-630, 0.5 mM DTT, 1mM NazVOQOq, 1
mM PMSF, 10 mM NaF, 25 mM B-glycerophosphate, and protease inhibitor cocktail
(Sigma)) with protein concentration determined by Bradford assay. Protein concentrations
were equalized with addition of NETN lysis buffer, 3x SDS sample buffer (187.5mM Tris-
HCI pH6.8, 6% SDS, 30% glycerol, 1220mM DTT) for a final concentration of 1x SDS
sample buffer. Protein samples were separated by SDS-PAGE and semi-dry transferred onto
PVDF membranes (Millipore/Pierce). Membranes were blocked with 5% non-fat milk/TBST
and probed with antibodies against Plk3, Phospho-cdc2 (Tyr15), JIP4/SPAGY, p38MAPK,
phospho-p38MAPK, phospho-MAPKAPK-2 (Thr222), PARP, Weel, phospho-MEK1
(Thr286) (all from Cell Signaling Technologies), GFP (Roche), Plk1 (Calbiochem), phospho-
Plk1 (T210) and 53BP1 (BD Pharmingen), PCNA (DAKO), a-tubulin (Sigma). Horseradish
Peroxidase-conjugated secondary antibodies were applied to detect bound primary antibody

and visualized using enhanced chemiluminescence.

2.3 Immunofluorescence

Asynchronously growing HelLa cells were seeded onto glass coverslips, fixed with 4% PFA

and permeabilised with 0.25% Triton X-100 followed by blocking with 3% BSA/0.1%



Saponin. Coverslips were incubated with primary antibodies JIP4/SPAG9 (Cell Signaling
Technologies) and Plk1 (Calbiochem), diluted in blocking buffer and incubated overnight at
4°C. Fluorescently conjugated secondary antibodies Alexa Fluor 488 (Invitrogen) and
DyLight 649 (Abcam) were incubated together with DAPI for 1 hour at room temperature
and cells imaged by fluorescence microscopy. Time lapse microscopy was performed as

reported previously [22].

2.4 Affinity pull down and Immunoprecipitation

Asynchronously growing HelLa cells were transfected with pEGFP-C1 (Clontech) and
pEGFP-C1-Plk1-PBD expression vectors using Lipofectamine 2000 (Invitrogen) according to
manufactures instructions. Transfected cells were harvested alongside G2 synchronised HeLa
cells, lysed with NETN lysis buffer (250 mM NaCl) and protein concentration determined by
Bradford Assay. Samples were pre-cleared with Protein G Sepharose (Sigma) for 1 hour at
4°C with the EGFP and EGFP-PBD samples subsequently applied to GFP-CAP agarose
beads for 1hour at 4°C. The GFP-CAP agarose beads were washed with NETN lysis buffer
yielding GFP and GFP-PBD bound agarose beads. These were used to bind proteins from a
pre-cleared G2 phase or mitosis synchronised HeLa cell lysates by incubating with the beads
overnight at 4°C and beads washed in NETN lysis buffer with the final wash containing
500mM NaCl. Bound proteins were eluted by boiling in SDS sample buffer and analysed by

Western blot and Mass Spectrometry.

For reciprocal JIP4/Plk1 immunoprecipitations, G2 synchronised HeLa cell lysates (1mg)
pre-cleared Protein G-sepharose then JIP4/SPAG9 or PIk1 antibodies, and the corresponding
species non-immune IgG antibodies were incubated with the samples overnight at 4°C.

Protein G-sepharose was then added to each IP, incubated overnight at 4°C followed by 5



washes in NETN lysis buffer. Bound proteins were eluted by boiling in SDS sample buffer

and analysed by Western blot.

2.5 Transient Transfections

For over expression experiments vectors pPRcCMV-Plk1-wt and pRcCMV-Plk1 T210D,
pEGFP-C1 (Clontech) and pEGFP-C1-Plk1-PBD were transfected into asynchronous
HEK293T and HeLa cells using Lipofectamine 2000 (Invitrogen) according to manufactures
instructions. The following day, cells were synchronised using a single thymidine block-
release and harvested as the cells entered G2 phase. For siRNA knockdown, JIP4 ON-
TARGETplus SMARTpool and PIk1 siGENOME SMARTpool (Dharmacon) and a non-
targeting siRNA 5’- ACUCUUAACAGGUAGAUCAUU were transfected into asynchronous
U20S and HelLa cells using Lipofectamine 2000 (Invitrogen) according to manufactures
instructions, then synchonised as above. In some experiments 1 mM PIk1 inhibitor Bl 2536

was added to cells 2 hours prior to harvest for G2 phase.

2. 6 Mass Spectrometry analysis

SDS PAGE protein bands were excised and subjected to robot assisted in-gel digest. Gel
slices were destained (90 mins, 50% acetonitrile, 25 mM NH4HCO3), dehydrated in speed
vac, rehydrated in reducing buffer (30 min, 20 mM DTT 50mM NH;HCO3 at 37°C), then
alkylation buffer (20 min, 50 mM iodoacetamide) and overnight digest with 0.4ug trypsin in
10% acetonitrile, 25 mM NH4HCO3. Trypsin was inactivated with 5% Formic acid and
peptides eluted with 1% formic acid, 60% acetonitrile. The extracted peptides were dried

using a speed vac and resuspend in 5% formic acid for mass spec analysis. Samples were



analysed on an Agilent HPLC CHIP QTOF 6520. Peptides were loaded onto an Agilent
G4240-62010 Large Capacity Chip with 3% buffer B at 4 ul/min. Buffer A and B were 0.1%
formic acid and 0.1% formic acid in 90% acetonitrile respectively. The peptides were
separated at 0.3 ul/min over a 45 min gradient 5% to 50% Solvent B, the column was washed
with 95% B for 6mins and equilibrated at 5% B for 7 mins. Ms1 acquired ions from 100m/z
to 3200 m/z at a rate of 8 spectra/sec. MS2 acquired ions from 59m/z to 3200m/z at a rate of
4spectra/s. The mass spectrum data was process with Spectrum Mill Rev B.04.00.127
(Agilent). Data were extracted as per standard settings and searched against Swiss Prot
Human (version 05/14/2014). Search parameters were set to digest with Trypsin with a
maximum of 2 miscleavages. Peptide modifications were set to fix carbamidomethylation C
and variable oxidized M. Tolerance was set to 50% minimum matched peak intensity, with
20 ppm and 50 ppm precursor and product mass tolerance respectively. Proteins were
summarized from IDs with the following cut-off settings: protein score of >11, peptide

score>10, 60% scored peak intensity and false discovery rate of >0.5%.

3. Results

3.1 JIP4 binds to PLK1 in G2 phase

PLKZ1 has roles in progression into and through mitosis, readily observed using the small
molecule PLK inhibitor BI-2536 (Figure 1A, B). Over-expression of the Polobox domain
(PBD) of PLK1 as a GFP fusion protein was sufficient to promote the delay (Figure 1B),
suggesting that PBD binding to cellular regulators was likely to be a significant contributor to

the G2 phase delay observed.

In an effort to indentify G2 phase PLK1 binding proteins, mass spectrometry analysis

of proteins bound to the GFP-PBD was performed. GFP or GFP-PBD was expressed in



HelLa cells, the GFP affinity purified using GFP-Trap beads (Supplementary Figure S1).
Lysates of synchronised G2 phase or mitotic HeLa cells were then incubated with the GFP
loaded beads to affinity purify PBD binding proteins. The beads were washed and eluted
using SDS sample buffer then resolved by SDS-PAGE and visualized by colloidal Coomassie
stain. Gel slices were excised, digested with trypsin and the release peptides subjected to
tandem mass spectrometry analysis to identify proteins specifically associated with GFP-
PBD. A number of proteins were consistently found specifically associated with the GFP-
PBD (Table 1). The MAPK scaffold protein JIP4/SPAG9 was consistently the most
abundantly associated protein in both G2 phase and mitotic samples (Table 1; Supplementary
Table S1). A number of proteins previously identified in screens for mitotic interactors with
PLK1 were also identified. These include 53BP1, RANBP2 [20, 23], and PRKDC/DNA-PK
catalytic subunit [24], although these were found only in the G2 phase samples. No other
high confidence G2 phase PLK1 interactors were identified. Several previously identified
interactors were also identified that were mitosis-specific, including SPAG5/Astrin [25],
ERCC-6L/PICH and NEDD1[23, 26, 27], BICD2 [28], and BORA [23]. In addition, several
novel PLK1-interacting proteins were identified; ATP5A1, ANKRD28/PP6-ARS-A,
PPP6R2, TUFM/EF-Tu, HSPA9 and HNRNPF, although several of these have been
previously identified as be PLK1 substrates (Table 1), but were found associated with the

GFP-PBD in both G2 phase and mitotic samples.

JIP4 was of particular interest as it is a MAPK scaffold protein, a member of the JINK-
interacting protein (JIP) family that is specifically responsible for p38MAPK activation [29],
suggesting it may link PLK1 and p38MAPK-dependent regulation of G2 phase progression.
PBD binding of a number of these proteins was validated by immunoblotting. JIP4 and
53BP1 bound to GFP-PBD beads but not control GFP beads, validating the mass

spectrometry results (Figure 2a). Weel was used as a further control for PLK1 binding as it



has previously been reported to be phosphorylated by PLK1[14]. . interaction between JIP4
and PLK1 was confirmed by by co-immunoprecipitation experiments using both antibodies
(Figure 2b). Next we evaluated the distribution of JIP4 relative to PLK1 during cell cycle.
Immunofluorescent staining showed JIP4 to be predominantly cytoplasmic in interphase
cells, whereas PLK1 showed stronger nuclear staining, although some cytoplasmic staining
was evident (Figure 2c). As cells progressed into mitosis, PLK1 displayed a strong
accumulation on the mitotic spindle and on the midbody in cytokinesis (Figure 2c-e). JIP4
showed diffuse staining that surrounded the spindle structures and was excluded from the

DNA, but failed to strongly localise on the spindle or midbody as seen with PLK1.

The interaction of PLK1 and JIP4 in G2 phase suggested that JIP4 may have a cell
cycle specific function, and be responsible for G2 phase p38MAPK activity. Hence we
examined the level of JIP4 protein during cell cycle by immunoblotting and found JIP4 was
relatively unchanged through the cell cycle in synchronised HelLa cells (Figure 3a). This
paralleled the relatively unchanged level of activated p38MAPK across the cell cycle.
Mitosis was identified by the accumulation of phospho-Mek1 Thr286, a Cyclin B/CDK1
substrate and marker of mitosis [30]. The binding of PLK1 to its substrates can be regulated
by phosphorylation of the PBD binding site on the substrate protein by either PLK1 itself or
another Pro-directed kinase such as CDK1/2, termed self and non-self priming, respectively
[31]. JIP4 immunoprecipitates from G2 phase HeLa cells treated with inhibitors of either
Cdk1, Cdk2 or PLK1 revealed a loss of associated PLK1 only with PLK1 inhibitor treatment
(Figure 3B). The binding of PLK1 appeared to be specific as the closely related Plk3 was not
found associated with JIP4. As previously reported, although JIP4 acts as an activation
scaffold for p38MAPK, it does not stably associate with the kinase and no p38MAPK was

detected in immunoprecipitated JIP4 complexes (Figure 3b).
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3.2 JIP4-PLK1 regulates G2 phase p38MAPK activation

The potential role for JIP4 in regulating G2 phase p38MAPK was assessed by depleting JIP4
using specific sSiRNA in several cell lines. SIRNA depletion of >85% of JIP4 in G2 phase
HeLa cells revealed a >50% reduction in activated phospho-p38MAPK (pp38MAPK) levels
(Figure 4a). The reduction in p38MAPK activation was also found in U20S cells, the extent
of reduction reflecting the degree of JIP4 depletion in this cell line (Figure 4a). The
contribution of PLK1 to JIP4-dependent p38MAPK activation in G2 phase was examined by
over-expressing either wild type or the constitutively activated Thr210Asp (T210D) mutant
of full length PLKZ1, or the polobox binding domain (PBD) GFP fusion protein in HEK293T
and HelLa cells. These were synchronised into G2 phase using thymidine block release then
harvested and immunoblotted for p38 activation. Over-expression of PLK1 wild type and
T210D mutant increased pp38MAPK levels modestly, but PBD-GFP expression reduced
pp38 levels by 50% in both cell lines (Figure 4b; Supplementary Figure S2a). The effect of
PLK1 T210D was always larger than the wild type PLK1, although over-expression of the
wild type PLK1 was sufficient to drive its phosphorylation on the activating Thr210 site.
SiRNA depletion of PLK1 similarly reduced G2 phase pp38MAPK levels (Supplementary
Figure S2b), and treatment with the PLK1 inhibitor BI-2536 had no extra effect over JIP4
depletion on G2 phase p38MAPK activation (Supplementary Figure S2c). These data
suggests that the JIP4 scaffold function for p38MAPK activation was regulated by PLK1in
G2 phase. PLK1 phosphorylation of a number of proteins targets them for destruction via
SCFPT"P [32-34], but neither PLK1 inhibitor nor siRNA depletion of PLK1 had any

noticeable effect on G2 phase JIP4 levels (Supplementary Figure S2d).

Inhibition of p38MAPK has been reported to delay G2/M phase progression in

unstressed conditions [35, 36], as does inhibition of PLK1 (Figure 1). Our data demonstrates
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that PLK1-JIP4 is required for p38MAPK activation in G2 phase, suggesting that JIP4 scold
function may be required for normal G2/M progression and mitosis. The effect of JIP4
depletion on cell cycle progression into and through mitosis was assessed by siRNA
depletion of JIP4 in synchronised HeLa cells, and following these cells into mitosis. JIP4
depletion had no effect on progression into mitosis whereas inhibition of PLK1 delayed entry
significantly (Figure 4c), and was no effect of JIP4 depletion on either the duration of
mitosis or the structure of the mitotic apparatus (data not shown). However, that
pharmacological inhibition of p38MAPK activity using concentration of inhibitor sufficient
to inhibit >90% of its kinase activity (Supplementary Figure S3a) had no effect on mitotic
entry (Figure 4c), suggesting that complete inhibition/depletion of p38MAPK activity may be
required to observe the reported effects on progression into mitosis. This indicates that
although PLK1 regulated G2 phase p38 MAPK activity through JIP4, this did not contribute

significantly to the normal progression into or through mitosis.

3.3 JIP4 does not contribute to stress activated p38MAPK

P38MAPK is activated in response to a range of stresses including osmotic shock [37].
While osmotic shock of G2 phase cells promoted a very strong increase in p38MAPK
activation, JIP4 depletion had only a small effect on this activation (Figure 5a). Likewise
over expression of either wild type or constitutively activated T210D PLK1, or PBD-GFP
had little effect on p38MAPK activation in either G2 phase osmotically shocked HEK293

(Figure 5b) or HelLa cells (Supplementary Figure S3b).

P38MAPK is also reported to have a role in the mitotic arrest imposed through
activation of spindle assembly checkpoint that detects spindle defects [36]. SIRNA depletion

of JIP4 had no effect on either the stability of mitotic arrest imposed by nocodazole in either
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HeLa or U20S cells, indicated by the constant pMEK Thr286 levels in the nocodazole
treated samples (Figure 6a). JIP4 depletion also had no effect on p38MAPK activation in
mitotic arrested cells. There was a reduction in the level of JIP4 protein in nocodazole
treated samples, with the emergence of lower molecular weight bands. These were reduced
in the JIP4 siRNA depleted cells indicating they were JIP4 truncation products (Figure 6a).
The reduction of full length JIP4 and increase in the lower molecular weight bands was also
found with PLK1 inhibitor B12536 in HeLa and HaCaT cells (Supplementary Figure S4).
The appearance of the shorter JIP4 species was associated with PARP cleavage, a Caspase 3-
dependent event in apoptosis (Figure 6a). A time course of thymidine-synchronised cells
arrested in mitosis with nocodazole showed that the shorter JIP4 species was temporally
correlated with PARP cleavage (Figure 6b). The shorter forms of JIP4 appeared to be a
product of caspase action as the pan-caspase inhibitor zZVAD at concentrations that partially
inhibit caspase-dependent PARP cleavage also increased the level of full length JIP4 in the

nocodazole arrested cells, and decreased the level of the shortest JIP4 species (Figure 6c).

4. Discussion

PLK1 has been demonstrated to regulate an increasing number of molecular pathways. In
many cases this appears to be through changing the stability of the protein, marking it for
destruction. In progression into mitosis, PLK1 regulates the stability of negative regulators
of G2/M progression Weel [34], USP37 [38] and Claspin [39, 40]. In all these cases PLK1
phosphorylation produces a phosphodegron recognized by the B-TrCP E3 ubiquitin ligase
that promotes the degradation of the target proteins. Other G2 phase regulators such as
MDCL1 a negative regulator of G2/M progression [41], and G2/M phase drivers the G2/M

transcriptional regulator FoxM1 [16] and CDK1/2 activator CDC25B [42] are also targets for
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PLKZ1 phosphorylation, in these cases regulating the activity rather than stability of these
proteins. The total effect of these changes in the stability and activity is to promote mitotic
entry. In each of these cases, PLK1 binds these proteins either as a consequence of prior
CDK1-dependent phosphorylation to produce a Polobox binding site as for Weel, USP37,
and FoxM1 [16, 34, 38]. Here we have investigated the Polobox domain-binding proteins in
G2 phase cells, with the aim of identifying further PLK1 interacting proteins that contribute
to the G2 phase arrest imposed by and blocking PLK1 binding to its substrates by over-
expression of the Polobox domain. This appears to be equivalent to inhibition of PK1
activity in delaying progression into mitosis. We have identified a number of proteins
previously identified as PLK1 binding proteins, including JIP4, as well as a number of novel
interactors. The Polobox binding site identified in JIP4 was phospho-Thr217, but a
phosphoproteomics screen for PLK1 phosphorylation sites found this site was not responsive
to the PLK1 inhibitor BI-4834 [21]. Two other sites were identified as PLK1
phosphorylation sites on JIP4, Ser183/185 and Ser 311 [23], although neither of these match
consensus Polobox binding sites [20]. The lack of sensitivity of the putative PLK1 binding
site to the PLK1 is surprising in view of our finding that PLK1 binding to JIP4 was only
sensitive to PLK1 inhibitor treatment, although this may reflect a difference between G2

phase and mitotic PLK1 binding to JIP4.

A number of mitotic spindle associated proteins were also identified as PLK1 binding
proteins, including SPAG5/Astrin which is phosphorylated by PLK1 in mitosis [25], ERCC-
6L/PICH and NEDD1 [23, 26, 27]. BICD2 is an adaptor between microtubule motors and
their cargo, and binds to RanBP2 in G2 phase where they are involved in the regulation of
centrosome position relative to nucleus [28].RANBP2 is phosphorylated by PLK1 in mitosis
[21]. In our experiments, RANBP2 and BICD2 were found exclusively in G2 phase and

mitotic samples only, suggesting that the interaction with PLK1 is a dynamic process,
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possibly regulating the interaction of these two proteins during the G2/M transition. It was
unsurprising that the mitotic spindle associated PLK1-inding proteins were only found in the
mitotic samples, although the DNA-PK associated being exclusively found in the G2 phase
samples was unexpected. DNA-PK has been shown to be phosphorylated by and bind PLK1
in mitosis [24]. PRKDC/DNA-PKcs, the catalytic subunit of DNA-PK is phosphorylated and
binds PLK1, and PRKDC/ DNA-PKcs forms a complex with Protein Phosphatase 6
(PPP6)/PPP6R2 [24, 43]. ANKRD28/PP6-ARS-A binds to PPP6 complex through a SAPS
domain PPP6R regulatory domains [44], thus these latter proteins are likely to be part of the
DNA-PK complex. However, as with the RANBP2-BICD2 interactions, PRKDC/DNA-
PKcs binding appears to be restricted to G2 phase, whereas PPP6R2 and ANKRD28/PP6-
ARS-A were found associated with the PBD in both G2 phase and mitosis, suggesting that
PLK1 interaction with these complex components may be dynamic and possible regulate the
activity or even interaction of PRKDC/DNA-PKcs with the PPP6 complex during G2/M
phase transition. It is likely that some of the novel interactors identified here where through
their interactions with PLK1 bound proteins. For example, ATP5A1 is a mitochondrial
ATPase that associates with ATPH which has been reported to be a PLK1 binding protein
[23]. The interaction between PLK1 and EFTU, HSPA9/mortalin and HNRNPF require

further validation, although HNRNPF has been identified as PLK1 substrate [21].

The role of PLK1 in regulating p38MAPK is novel, although it is at present unclear as
to the physiological role of this mechanism. We have observed no cell cycle defects with
depletion of JIP4 in either entry into or through mitosis. The effects of depletion or inhibition
of p38MAPK on progression into and through mitosis were subtle [35, 36], and it may be that
the incomplete depletion of JIP4 which reduced G2 phase p38MAPK activation by only 60%
was insufficient to detect these subtle effects. However, the regulation of G2 phase

p38MAPK activation through JIP4-PLK1 provides a mechanism by which the p38MAPK
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pathway can be directly linked to the cell cycle machinery, specific to regulate normal
progression into and through mitosis. The lack of effect of either PLK1 or JIP4 depletion on
G2 phase osmotic shock, ultraviolet radiation exposure (data not shown) or mitotic defect
initiated p38MAPK activation is evidence that stress initiated p38MAPK activation is not
regulated through this JIP4-PLK1 mechanism. Thus the pathway to p38MAPK activation

appears dependent on the context of the signal triggering this activation.

5. Conclusions

We have identified JIP4 as a PLK1 substrate and binding protein, PLK1 self priming its
binding by G2 phase phosphorylation of JIP4. This interaction is required for activation of
p38MAPK during normal G2 phase progression, but not in either G2 phase or mitotic stress
response. Finally, JIP4 is a target for caspase-dependent cleavage in mitotically arrested
cells. The role for the PLK1-JIP4 regulated p38MAPK activation in G2 phase is unclear, but

it does not affect either progression into or through mitosis.

Acknowledgements

The thank Prof KumKum Khanna for the gift of the PLK1 expression constructs. This work
was supported by a grant from the National Health and Medical Research Council of
Australia (1029260). BG is an NHMRC Senior Research Fellow. MMH was supported by a
NHMRC Career Development Fellowship (569512), and a ARC Future Fellowship

(FT120100251).

16



References

[1] Boutros R, Lobjois VV, Ducommun B, Nat Rev Cancer. 2007;7:495-507.

[2] Goldstone S, Pavey S, Forrest A, Sinnamon J, Gabrielli B, Oncogene. 2001;20:921-932.

[3] Karlsson C, Katich S, Hagting A, Hoffmann I, Pines J, J Cell Biol. 1999;146:573-584.

[4] Lindgvist A, Kallstrom H, Lundgren A, Barsoum E, Rosenthal CK, J Cell Biol.

2005;171:35-45.

[5] De Witt Hamer PC, Mir SE, Noske D, Van Noorden CJ, Wurdinger T, Clin Cancer Res.

2011;17:4200-4207.

[6] Reinhardt HC, Aslanian AS, Lees JA, Yaffe MB, Cancer Cell. 2007;11:175-1809.

[7] Reinhardt HC, Hasskamp P, Schmedding I, Morandell S, van Vugt MA, Wang X, Linding

R, Ong SE, Weaver D, Carr SA, Yaffe MB, Mol Cell. 2010;40:34-49.

[8] Uchida S, Yoshioka K, Kizu R, Nakagama H, Matsunaga T, Ishizaka Y, Poon RY,

Yamashita K, Cancer Res. 2009;69:6438-6444.

[9] Manke IA, Nguyen A, Lim D, Stewart MQ, Elia AE, Yaffe MB, Mol Cell. 2005;17:37-

48.

[10] Astuti P, Pike T, Widberg C, Payne E, Harding A, Hancock J, Gabrielli B, J Biol Chem.

2009;284:33781-33788.

[11] Oakes V, Wang W, Harrington B, Lee WJ, Beamish H, Chia KM, Pinder A, Goto H,

Inagaki M, Pavey S, Gabrielli B, Cell Cycle. 2014;13:3302-3311.

17



[12] Lenart P, Petronczki M, Steegmaier M, Di Fiore B, Lipp JJ, Hoffmann M, Rettig WJ,

Kraut N, Peters JM, Curr Biol. 2007;17:304-315.

[13] van Vugt MA, Bras A, Medema RH, Mol Cell. 2004;15:799-811.

[14] Watanabe N, Arai H, lwasaki J, Shiina M, Ogata K, Hunter T, Osada H, Proc Natl Acad

Sci U S A. 2005;102:11663-11668.

[15] Toyoshima-Morimoto F, Taniguchi E, Shinya N, lwamatsu A, Nishida E, Nature.

2001,;410:215-220.

[16] Fu Z, Malureanu L, Huang J, Wang W, Li H, van Deursen JM, Tindall DJ, Chen J, Nat

Cell Biol. 2008;10:1076-1082.

[17] Elia AE, Cantley LC, Yaffe MB, Science. 2003;299:1228-1231.

[18] Hanisch A, Wehner A, Nigg EA, Sillje HH, Mol Biol Cell. 2006;17:448-459.

[19] van de Weerdt BC, Littler DR, Klompmaker R, Huseinovic A, Fish A, Perrakis A,

Medema RH, Biochim Biophys Acta. 2008;1783:1015-1022.

[20] Lowery DM, Clauser KR, Hjerrild M, Lim D, Alexander J, Kishi K, Ong SE,

Gammeltoft S, Carr SA, Yaffe MB, Embo J. 2007:26:2262-2273.

[21] Grosstessner-Hain K, Hegemann B, Novatchkova M, Rameseder J, Joughin BA, Hudecz
O, Roitinger E, Pichler P, Kraut N, Yaffe MB, Peters JM, Mechtler K, Mol Cell Proteomics.

2011;10:M111.008540.
[22] Stevens FE, Beamish H, Warrener R, Gabrielli B, Oncogene. 2008;27:1345-1354.
[23] Kettenbach AN, Schweppe DK, Faherty BK, Pechenick D, Pletnev AA, Gerber SA, Sci

Signal. 2011;4:rs5.

18



[24] Douglas P, Ye R, Trinkle-Mulcahy L, Neal JA, De Wever V, Morrice NA, Meek K,

Lees-Miller SP, Biosci Rep. 2014;34(3).e00113.

[25] Yuan J, Li M, Wei L, Yin S, Xiong B, Li S, Lin SL, Schatten H, Sun QY, Cell Cycle.

2009;8:3384-3395.

[26] Baumann C, Korner R, Hofmann K, Nigg EA, Cell. 2007;128:101-114.

[27] Zhang X, Chen Q, Feng J, Hou J, Yang F, Liu J, Jiang Q, Zhang C, J Cell Sci.

2009;122:2240-2251.

[28] Splinter D, Tanenbaum ME, Lindqvist A, Jaarsma D, Flotho A, Yu KL, Grigoriev I,
Engelsma D, Haasdijk ED, Keijzer N, Demmers J, Fornerod M, Melchior F, Hoogenraad CC,

Medema RH, Akhmanova A, PLoS Biol. 2010;8:e1000350.

[29] Kelkar N, Standen CL, Davis RJ, Mol Cell Biol. 2005;25:2733-2743.

[30] De Boer L, Oakes V, Beamish H, Giles N, Stevens F, Somodevilla-Torres M, Desouza

C, Gabrielli B, Oncogene. 2008;27:4261-4268.

[31] Lee KS, Park JE, Kang YH, Zimmerman W, Soung NK, Seong YS, Kwak SJ, Erikson

RL, Cell Cycle. 2008;7:141-145.

[32] Moshe Y, Boulaire J, Pagano M, Hershko A, Proc Natl Acad Sci U S A. 2004;101:7937-

7942.

[33] Seki A, Coppinger JA, Du H, Jang CY, Yates JR, 3rd, Fang G, J Cell Biol. 2008;181:65-

78.

[34] Watanabe N, Arai H, Nishihara Y, Taniguchi M, Watanabe N, Hunter T, Osada H, Proc

Natl Acad Sci U S A. 2004;101:4419-4424.

19



[35] Cha H, Wang X, Li H, Fornace AJ, Jr., J Biol Chem. 2007;282:22984-22992.

[36] Lee K, Kenny AE, Rieder CL, Mol Biol Cell. 2010;21:2150-2160.

[37] Mavrogonatou E, Kletsas D, DNA Repair (Amst). 2009;8:930-943.

[38] Burrows AC, Prokop J, Summers MK, J Biol Chem. 2012;287:39021-39029.

[39] Mailand N, Bekker-Jensen S, Bartek J, Lukas J, Mol Cell. 2006;23:307-318.

[40] Mamely 1, van Vugt MA, Smits VA, Semple JI, Lemmens B, Perrakis A, Medema RH,

Freire R, Curr Biol. 2006;16:1950-1955.

[41] Ando K, Ozaki T, Hirota T, Nakagawara A, PLoS One. 2013;8:e82744.

[42] Lobjois V, Jullien D, Bouche JP, Ducommun B, Biochim Biophys Acta. 2009;1793:462-

468.

[43] Huang B, Shang ZF, Li B, Wang Y, Liu XD, Zhang SM, Guan H, Rang WQ, Hu JA,

Zhou PK, J Cell Biochem. 2014;115:1077-1088.

[44] Stefansson B, Ohama T, Daugherty AE, Brautigan DL, Biochemistry. 2008;47:1442-

1451.

20



Figure legends

Figure 1: Inhibiting PLK1 activity delays progress into mitosis.

A: HelLa cells were synchronised with a thymidine block, released and at 6 h after release
treated with either 1 or 5 uM PLKZ1 inhibitor BI1-2536 and followed by time lapse microscopy
for the timing of entry into mitosis. The data is expressed as a percentage of the total cell

number. At least 200 cells were counted for each condition.

B: HelLa cells were transfected with an expression plasmid containing either GFP or GFP-
polobox domain (PBD), then synchronised using thymidine arrest, released from the block
and followed from 6 h after release by time lapse microscopy. The GFP-expressing cells
were score for the timing of entry into mitosis. The data is expressed as a percentage of the

total GFP expressing population.

Figure 2: PLK1 binds to JIP4 in G2 phase

A: GFP-PBD and control GFP bound beads were used to affinity purify proteins from G2
phase HelLa cell lysates. The bound proteins were eluted and immunoblotted for JIP4, 53BP1

and Weel using lysate as the Input.

B: JIP4 and PLK1 antibodies were used to immunoprecipitate their respective protein
complexes from G2 phase HeLa lysates, then immunoblotted with each antibody using an

appropriate non-immune control antibody (NI).

C: Asynchronously growing HeLa cells were fixed and stained for JIP4 (green), PLK1 (red)

and DNA (blue).
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Figure 3: PLK1 binding to JIP is self-primed

A: HelLa cells were synchronised by double thymidine block-release then samples analysed
as cells progressed into mitosis. Cell lysates were immunoblotted for the indicated proteins.
PMEKThr286 is a marker of Cyclin B/CDK1 activity and mitosis. The percentage of cells in

each cell cycle phase determined by DNA FACS analysis is shown.

B: G2 phase synchronised HelLa cells were treated with either CDK1 (9 uM RO-3306),
CDK2 (5 uM PHAS533533), PLK1 (1 uM BI-2539) inhibitors or DMSO (Con) for 2 h then
JIP4 complexes immunoprecipitated. The immunoprecipitates were immunoblotted for the
indicated proteins. Input was 5 % cell lysate prior to immunoprecipitation, IP; JIP4

immunoprecipitate, NI is non-immune serum immunoprecipitate from a parallel lysate.

Figure 4: JIP4-PLK1 regulates G2 phase p38MAPK activity.

A: HelLa and U20S cells were transfected with siRNA to depleted JIP4 the thymidine
synchronised and harvested when cells were in G2 phase. The levels of JIP4 and activated
p38MAPK (pp38) were analysed. The levels of pp38 relative to non-targeting SiRNA (NT)

from at least three experiments are shown.

B: HEK293T cells were transfected with vectors expressing either GFP, or wild type (WT),
T210D mutant (Mut), or GFP-Polobox domain (PBD) proteins. Cells were then synchronised
by thymidine block-release and harvested as they progressed into G2 phase. Cell lysates
were immunoblotted for the indicated proteins including pPLK1 T210. PCNA was used as a
loading control. The levels of pp38 relative to the GFP expressing control from at least three

experiments are shown.
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C: Hela cells were transfected with either non-targeting (NT) or JIP4 siRNA, then
synchronised to progress into mitosis. At 6 hours after synchrony release, cells were treated
with either DMSO or p38 inhibitor (p38i) and then imaged every 20 min for 15 h. Cells were
scored for entry into mitosis. This data is representative of three independent experiments. *

p<0.05, *** p<0.001.

Figure 5:

HeLa cells were transfected with either non-targeting or JIP4 siRNA then synchronised. As
cells progressed in G2 phase cultures were treated with or without D-sorbitol to induce
osmotic shock and harvested. Lysates were immunoblotted for the indicated proteins. The
level of pp38MAPK relative to non-targeting control from at least three experiments are

reported.

B: HEK293T cells were transfected with vectors expressing either GFP, or wild type (WT),
T210D mutant (Mut), or GFP-Polobox domain (PBD) proteins. Cells were then synchronised
by thymidine block-release, treated without and with osmotic shock as in A, and harvested as
they progressed into G2 phase. Cell lysates were immunoblotted for the indicated proteins

including pPLK1 T219. PCNA was used as a loading control.

Figure 6:

A: HelLa and U20S cells were transfected without or with either non-targeting or JIP4
SIRNA, treated without or with nocodazole for 28 h. Cells lysates were immunoblotted for

the indicated proteins.
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B: HelLa cells were synchronised then released to progress to mitosis. At 6 hours after
release cells were treated with nocodazole then harvested at the indicated times after release.

Cells not treated with nocodazole were harvested in G2 phase (G2).

C: Hel.a cells, either untreated (AS) or treated with nocodazole without (N) and with 20 uM
zZVAD-Fmk (N+zV) were harvested at 28 h. Lysates were immunoblotted for the indicated

proteins.
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Table 1

Mitosis Mitosis
G2 expl G2 exp2 exp3 exp4
Accession Protein
number GFP PBD | GFP PBD | GFP* PBD | GFP PBD
060271 | JIP4*# 0 38 0 20 0 7 0 15
P53350 PLK1 0 53 0 38 0 39 0 64
P25705 | ATP5A1 0 11 0 15 0 2 0 6
P78527 | PRKDC (DNA-PKcs) *# 0 5 0 14 0 0 0 0
Q8TD16 | BICD2*# 0 0 0 0 0 5 0 14
015084 | ANKRD28 (PP6-ARS-A)# 0 2 0 11 0 4 0 5
P49792 | RANBP2# 0 6 0 3 0 0 0 0
075170 | PPP6R2 0 0 0 5 0 0 0 3
P49411 [ TUFM (EF-Tu) 0 3 0 0 0 2 0 3
Q12888 | 53BP1 *# 0 3 0 4 0 0 0 0
Q96R06 | SPAGS (Astrin) *# 0 0 0 0 0 4 0 2
P38646 HSPA9 (GRP-75, Mortalin) 0 0 0 1 0 6 0 4
Q8NHV4 | NEDD1 * 0 0 0 0 0 3 0 2
Q2NKX8 | ERCC-6L (PICH) *# 0 0 0 0 0 3 0 1
P52597 | HNRNPF# 0 2 0 0 0 3 0 1
Q6PGQ7 | BORA *# 0 0 0 0 0 0 0 3

Spectrum count for high probability peptides (global peptide FDR <0.05) identifying the
indicated protein from two independent G2 phase and two independent mitotic (nocodazole
arrested) mass spectrometry analyses of control GFP and GFP-Polobox domain (PBD) bound
proteins. The asterix indicates proteins previously reported as PLK1 binding proteins, the
hash marked proteins are reported phosphorylated by PLK1, the light grey shaded proteins

were identified in only G2 phase samples, and dark grey proteins only the mitotic samples.
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Pinder et al., Figure 1
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Pinder et al., Figure 2

250 _
- JP4
150
. 53BP1
100=  wwe «| WEE1
Y/
%%, %
)
O
JIP4 IP PLK1 IP
B 250 250+
ras (D - JIP4
150 150
75= 754
- -l |
y - /l/ 50 L. ‘__.;l/
2, R Y %, A
'OO/ 'OO/ 4

JIP4 PLK1 DNA MERGE

27



Pinder et al., Figure 3
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Pinder et al., Figure 4
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Pinder et al., Figure 5
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Pinder et al., Figure 6
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Highlights

e PLK1 binds to the MAPK scaffold protein JIP4 in G2 phase of the cell cycle via its
Polobox domain

e PLK1 binding to self-priming mechanism

e PLK1 binding is necessary for JIP4 dependent activation of p38MAPK in G2 phase

e JIP4 is not required for stress activated p38MAPK in either G2 phase or mitosis
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