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Abstract

The Eyes Absent family of proteins (EYA1-4) are a biochemically unique group of tyrosine
phosphatases known to be tumour promoting across a range of cancer types. To date, the molecular
targets of EYA phosphatase activity remain largely uncharacterised. Here, we identify Polo-like
kinase 1 (PLK1) as a direct interactor and phosphatase substrate of both EYA4 and EYA1, with pY445
on PLK1 being the primary target site. EYA-mediated dephosphorylation of PLK1 in the G2 phase of
the cell cycle is required for centrosome maturation, PLK1 localization to centrosomes, and polo-box
domain (PBD) dependent interactions between PLK1 and the PLK1-activating proteins BORA and
CEP192. Molecular dynamics simulations support the rationale that pY445 confers a structural
impairment to PBD-substrate interactions that is relieved by EYA-mediated dephosphorylation.
Depletion of EYA4 or EYAL, or chemical inhibition of EYA phosphatase activity, dramatically reduces
PLK1 activation, causing mitotic defects and cell death. Overall, we have characterized a novel
phosphotyrosine signalling network governing PLK1 and mitosis. This work provides a mechanism of
cell killing for EYA phosphatase inhibitors with important therapeutic implications.

Introduction

The Eyes Absent Family (EYA1-4) are a unique group of dual-function proteins with oncogenic roles
in a variety of tumour types, where they promote cancer cell phenotypes such as proliferation,
survival and migration 1°. EYA proteins possess N-terminal transcriptional coactivation activity and
C-terminal Haloacid Dehydrogenase (HAD) protein tyrosine phosphatase activity > 1%°, EYAs are the
only known HAD-family tyrosine phosphatases and have unique active site chemistry making them
well suited to specific inhibition with small molecules®23, This has led to the identification of EYA
phosphatase inhibitors, and there is growing interest in their chemotherapeutic potential 22427,
However, the molecular functions and specific targets of EYA phosphatase activity are largely
unknown. This is particularly the case for EYA4, which currently has no known phosphatase
substrates.

Here, we employ an unbiased proteomics approach to identify EYA4 substrates that both interact
with EYA4 and have tyrosine phosphorylation levels that respond to genetic or pharmacological
perturbation of EYA4. We identify the master mitotic regulator PLK1, and specifically Y445, a residue
within polo-box 1 of PLK1, as a bona-fide substrate of both EYA4 and EYAL. EYA4 and PLK1 interact
and colocalize specifically at centrosomes in G2 cells, and this interaction is dependent on a
conserved polo-docking site (PDS) present on EYA4 and EYA1. We demonstrate that
dephosphorylation of pY445 by EYA4 and/or EYA1 promotes PLK1 localization to centrosomes and
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centrosome maturation, normal spindle morphology, PLK1 PBD dependent interactions, and PLK1
kinase activation. This mechanism is supported by structural simulations, which predict that Y445
phosphorylation reduces substrate recognition and alters polo-box function through flexibility
changes within the connecting loop. Finally, we show that EYA-mediated dephosphorylation of PLK1
supports PLK1 function during mitotic progression, while treatment with an EYA phosphatase
inhibitor potently elicits cell death in tumour cells expressing EYA4 and/or EYA1.

Results

EYA4 interacts with and dephosphorylates PLK1.

To identify EYA4 substrates, we fused full length EYA4 to a Myc-tagged BiolD2 biotin ligase and
identified EYA4 interacting proteins using a BiolD2 proximity proteomics strategy 2% 2° (Figure 1A-B,
S1A-C). Biotinylation of proteins after expression of Myc-BiolD2-EYA4 was compared to a BiolD2-
Myc control using label free quantification (LFQ). This yielded 156 high confidence EYA4 interactors
(>4-fold enrichment, p-value <0.05) (Figure 1A, Table S1). Polo-like kinase 1 (PLK1) and Aurora kinase
A (AURKA), two of the master regulatory kinases that control mitosis, were among the most highly
significant EYA4 interacting proteins (p < 0.00001 and 0.0001 respectively, Figure 1A, Table S1). PLK1
and AURKA localize to mitotic structures including the centrosome and spindle midbody, with PLK1
also localizing to the spindle and kinetochore®. To determine whether EYA4 is likely to share cell
cycle specific localization with PLK1 and AURKA, we mined the EYA4 interactome for other
centrosomal or spindle proteins. We identified 54 EYA4 interactors with functional relationships to
the centrosome, spindle, or mitosis. Additionally, 24 of these proteins have established localization
to mitotic structures, including 17 with centrosomal localization (Figure 1B, Table S1).

To determine candidate EYA4 tyrosine phosphatase substrates, we depleted cells of EYA4 and
performed immunoprecipitations using an anti-phosphotyrosine antibody followed by LC-MS/MS
analysis. We identified 50 proteins with statistically significant increases in tyrosine phosphorylation,
including PLK1 (p < 0.05, Figure S1D-E, Table S1). Western blots of anti-phosphotyrosine
immunoprecipitations confirmed an increase in PLK1 tyrosine phosphorylation in both 293T and
Hela cells following EYA4 depletion (Figure 1C). Using a reversed experimental design, we
immunopurified endogenous PLK1 from cells arrested in G2 when PLK1 is concentrated at
centrosomes, or following release into M-phase, when PLK1 becomes primarily localized to
kinetochores, and blotted for tyrosine phosphorylation®!. EYA4 depletion resulted in a striking
increase in PLK1 tyrosine phosphorylation in G2, but this increase did not persist into mitosis (Figure
1D). This suggests that EYA4 may regulate PLK1 function at G2 centrosomes through
dephosphorylation.

EYA4 and EYA1 contain a polo-docking site (PDS) that confers interaction with PLK1 in G2.

Most PLK1 interactors possess a consensus PDS motif containing an internal phosphorylation site 3%
3, We identified a potential conserved PDS within the N-terminal transactivation domains of both
EYA4 and EYA1, matching 6 of 7 residues of the consensus PDS sequence (AA 123-129, Figure 1E,
S1F). Phosphorylation of pS128, which falls within the PDS of EYA4, has previously been observed in
a high throughput dataset, suggesting that the PDS is functional (Figure 1E)3**. We used co-
immunoprecipitation to determine whether the putative PDS on EYA4, and specifically
phosphorylation of $128, mediated the interaction with PLK1. Myc-tagged WT EYA4 strongly
interacted with PLK1 in G2 arrested cells. This interaction was abrogated for EYA4 containing a
S128A non-phosphorylatable mutation and enhanced for EYA4 with a S128D phosphomimetic
mutation (Figure 1F). Further, while the WT EYA4-PLK1 interaction was lost upon entry into mitosis,
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89  the S128D-PLK1 interaction persisted (Figure 1F). These results suggest that phosphorylation of the
90 EYA4 PDS regulates the G2-specific interaction between EYA4 and PLK1.

91 Consistent with an EYA4-PLK1 interaction in G2, we found that endogenous EYA4 colocalized with
92 PLK1 at centrosomes in G2 (Figure 1G). Colocalization between EYA4 and PLK1 was strongest in cells
93 prior to centrosome separation (Figure 1G). This suggests that EYA mediated dephosphorylation of
94 PLK1 in G2 may regulate PLK1 functions in centrosome biology and early mitosis.

95 Myc-tagged EYA1 also interacts with PLK1 in G2 arrested cells, while EYA3, which lacks an obvious
96 PDS, does not (Figure S1G). Further, depletion of EYA1, or both EYA4 and EYA1, also resulted in an
97 increase in PLK1 tyrosine phosphorylation (Figure S1H), suggesting that EYA1 may function

98 redundantly with EYA4 to dephosphorylate tyrosine residues on PLK1 during G2.

99 EYA4 and EYA1 promote PLK1 activation.

100 PLK1 kinase activation begins at centrosomes and in the cytoplasm during G2 via AURKA mediated
101  phosphorylation of PLK1 at T210, reaching peak activation upon mitotic entry 39338 We assessed
102  whether EYA4 or EYAL can alter PLK1 levels or activation (pT210) in 293T and Hela cells using

103 automated quantification of fluorescence intensity in mitotic cells with positive staining for pS10 H3
104  (Figure 2A, S2A). Individual knockdown of EYA4 or EYA1 reduced PLK1 activation to differing

105 magnitudes, with each knockdown reaching statistical significance in separate cell lines (Figure 2A).
106  Total PLK1 intensity was slightly elevated following EYA1 knockdown in Hela cells (Figure 2A). Co-
107  depletion of EYA4 and EYA1 caused an additive decrease in PLK1 activation in both cell lines (p <
108 0.0001, Figure 2A, knockdown confirmation: S2B).

109 Depletion of EYA4 significantly decreased pT210 levels relative to total PLK1 in western blots

110 performed on lysates from nocodazole arrested mitotic cells (p < 0.05, Figure 2B). Further, there was
111  adose dependent reduction of pT210 in mitotically arrested cells treated concurrently with the EYA
112 phosphatase inhibitor benzarone and nocodazole for 12 hours following thymidine release, reaching
113 statistical significance in the 20 uM benzarone treatment (p < 0.05 Figure 2C, S2C).

114 In further support of EYA4 directly regulating PLK1 activity, overexpression of the EYA4 S128A

115 mutant, or a D375N mutant previously shown to inactivate EYA4 phosphatase activity (herein

116  referred to as Ydef), exerted dominant negative effects over endogenous EYA4, significantly reducing
117  the activation of PLK1 relative to EYA4 S128D in nocodazole arrested cells (p < 0.05, Figure 2D)%,

118 Lower levels of activated PLK1 were also observed following S128A mutant overexpression

119 compared to WT EYA4 overexpression in unarrested mitotic cells. (p < 0.01, Figure S2D). These

120 results suggest that EYA4 mediated PLK1 dephosphorylation is required for enhancing PLK1

121  activation by AURKA.

122 EYA4 and EYA1 support centrosome maturation, separation, and PLK1 localization to centrosomes.

123 During G2 to M transition, PLK1 activation is essential for the accumulation of pericentriolar material
124  at centrosomes (centrosome maturation), and for the separation of mature centrosomes 32343 To
125 evaluate the effects of EYA4 and EYA1 depletion on centrosome maturation and separation, we

126 measured both centrosome number and the level of pericentrin (PCNT) accumulated in centrosomal
127  fociin prophase cells. Individual or combined depletion of EYA4 and EYA1 led to a significant

128 increase in the proportion of prophase cells with only one centrosome (Figure 3A-B). Prophase cells
129  with only one centrosome also had lower centrosomal PCNT intensity following depletion of EYA4 or
130 EYA1, with an additive effect being observed with combined depletion (Figure 3C). These results

131 support a role for EYA4 and EYA1 in centrosome maturation and separation.
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132 PLK1 activation and centrosome maturation are intricately linked to PLK1 centrosomal localization in
133 G2/M3%3638 Tg evaluate the centrosomal localization of PLK1, asynchronous cells were pulse

134  labelled with EdU, and G2/M cells were gated by their high DAPI intensity (equivalent to 4N DNA
135  content) and low EdU intensity. EYA4 depletion reduced the levels of PLK1 localization to

136 centrosomes in G2/M cells without affecting the cytoplasmic/nuclear ratio of PLK1 (Figure 3D-F,

137  S3A).

138  The phosphatase activity of EYA4 and EYA1 prevents mitotic defects and mitotic cell death.

139  We then examined Hela cells for mitotic spindle defects following depletion of EYA4 and EYA1 or
140 treatment with benzarone. Total spindle defects increased modestly following EYA1 and EYA4

141  depletion, and significantly following combined EYA4 and EYA1 depletion (p < 0.05, Figure 3G-H).
142  Total spindle defects were strongly induced by treatment with benzarone (p < 0.001, Figure 3G-H).
143 Monopolar spindles and spindles with misaligned chromosomes, two defects known to be caused by
144  PLK1 deficiency, were frequently observed following combined depletion of EYA4 and EYAL, or

145  benzarone treatment (p < 0.001, Figure S3B)*%’,

146 We next observed the effects of EYA4 and EYA phosphatase activity on mitotic duration and mitotic
147 cell death. EYA4 depletion prolonged mitosis and induced mitotic cell death (Figure 3I-J). These

148 defects were also observed with benzarone treatment (Figure 3I-J). Further, benzarone caused a
149 dose-dependent elevation in cleaved PARP, indicative of cell death, and phosphorylation of H3 on
150 S10, indicative of mitotic arrest, in cancer cell lines with high expression levels of EYA4 (Hela), EYA1
151  (SKNAS), or both (SKNFI) (Figure S4A-B).

152  Assignificant increase in mitotic duration was also detected when we overexpressed the EYA4 S128A
153 mutant that cannot interact with PLK1, indicative of a dominant negative effect (Figure 3K). Further,
154 overexpression of the EYA4 Ydef mutant significantly increased mitotic death compared to the

155  S128D mutant, supporting the rationale that dysfunctional EYA4 has a dominant negative impact on
156 PLK1 mediated mitotic progression (Figure 3l). These data demonstrate that EYA4 and EYA1 function
157  redundantly to promote the accurate completion of mitosis through the dephosphorylation of PLK1.

158 EYA4 and EYAL1 target pY445 on PLK1.

159  Toinvestigate the mechanism by which tyrosine dephosphorylation of PLK1 by the EYAs regulates
160 PLK1 function, we used targeted mass spectrometry to determine the specific PLK1 tyrosine

161 phosphosites dephosphorylated by EYA4 and EYAL. Myc-tagged PLK1 was immunopurified following
162 knockdown of EYA4 or EYA1, overexpression of EYA4 Ydef, or following benzarone treatment.

163 Purified PLK1 was digested in-gel and subjected to mass spectrometry. Pilot experiments determined
164  the mass and charge of four tryptic peptides containing PLK1 tyrosine phosphosites, pY217, pY421,
165 pY425, and pY445 (Table S2). These four phosphopeptides were quantified by parallel reaction

166 monitoring (PRM) (Figure 4A). Only pY445 peptides exhibited increased intensity relative to control
167  across all conditions tested, making it a high confidence substrate for both EYA4 and EYA1 (Figure
168  4B). In addition, we observed an increase in pY425 by PRM in all conditions, except for knockdown of
169 EYA4 (Figure 4B). This suggests that pY425 may also be a substrate of EYAL.

170  To determine if EYA4 has intrinsic biochemical specificity for PLK1 phosphosites, we performed in-
171 vitro phosphatase assays using the purified phosphatase domain of EYA4 (Residues 367-639) and
172  synthetic phosphopeptides containing the four PLK1 tyrosine phosphosites (Figure 4C). A scrambled
173 version of pY445 was used as a negative control and a peptide previously shown to be

174  dephosphorylated by the phosphatase domains of all four EYA proteins was used as a positive

175  control (H2AX pY142)% 8, Dephosphorylation of pY445, pY425, and the positive control peptide all
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176  occurred with similar Michaelis-Menten kinetics, indicative of a specific dephosphorylation reaction
177 (Figure 4C). In contrast, pY217, pY421 and pY445-scramble were dephosphorylated linearly with
178  slower kinetics, suggesting a non-specific dephosphorylation reaction (Figure 4C).

179  To validate pY445 as the predominant phosphosite targeted by EYA4, we compared overall tyrosine
180  phosphorylation of an unphosphorylatable Y445F mutant with WT PLK1 following EYA4 depletion in
181 G2 arrested cells. EYA4 depletion increased overall PLK1 tyrosine phosphorylation, however no

182 induction was observed for Y445F (Figure S5A). Therefore, pY445 is the predominant PLK1

183 phosphosite targeted by EYA4.

184  The phosphatase domains of EYA1 and EYA3 were also tested for their ability to dephosphorylate
185  the pY445 peptide. Both EYA1 and EYA3 were able to dephosphorylate pY445 with fast Michaelis-
186 Menten kinetics (Figure S5B). These results suggest that dephosphorylation of PLK1 pY445 is

187 regulated both by intrinsic specificity within the highly homologous EYA phosphatase domain (~70-
188  90% homology between EYA members), as well as by the ability of EYA4 and EYA1 to interact with
189 PLK1 in-vivo through a PDS.

190 A non-phosphorylatable Y445F PLK1 mutant is hyperactive.

191  As EYA mediated dephosphorylation promotes PLK1 activity, we hypothesised that specific
192 dephosphorylation of pY445 was responsible for this effect. In support of this hypothesis,
193  overexpressed PLK1-Y445F had elevated pT210 phosphorylation levels relative to WT PLK1 in
194  mitotically arrested Hela and 293T cells (p<0.001, 0.05 respectively, Figure 5A, S5C).

195  Our PRM data suggested that EYA1 may also dephosphorylate pY425. We therefore tested the effect
196 of Y425F and a Y425F/Y445F double mutant on PLK1 activation. Interestingly, neither Y425F nor the
197  Y425F/Y445F double mutant significantly altered T210 phosphorylation. Given that both EYA4 and
198 EYA1 support the activation of PLK1, this suggests that Y425 may only be a minor target of EYAL.

199 We then evaluated the ability of the Y445F mutant to rescue mitotic arrest caused by depletion of
200  endogenous PLK1. Overexpression of WT PLK1 following depletion of endogenous PLK1 using a
201 3’UTR directed siRNA did not result in a detectable rescue of the mitotic arrest phenotype (Figure
202  5B). However, overexpression of Y445F PLK1 dramatically reduced the mitotic arrest phenotype
203  triggered by endogenous PLK1 depletion, suggesting that the hyperactive Y445F mutant also has
204  enhanced functionality (Figure 5B).

205 Y445 phosphorylation inhibits the interaction with PLK1 activation complexes.

206 Phosphorylation of PLK1 at pT210 by AURKA requires direct interaction between the PBD of PLK1
207 and a PDS on one of two AURKA cofactors: BORA in the cytoplasm, or CEP192 at centrosomes %, As
208 Y445 falls within the PBD of PLK1, and Y445F is hyperactive, we explored whether Y445

209 phosphorylation impacts the ability of PLK1 to interact with AURKA cofactors. We found that the
210  Y445F mutant yielded a much stronger interaction with BORA compared to WT PLK1 in G2 and

211 mitotically arrested cells (Figure 5C). The interaction between Y445F and CEP192 was also increased
212 relative to WT PLK1 specifically in mitotic cells (Figure 5C). We observed a modest increase in the
213 interaction between Y445F and AURKA itself in mitotic cells despite the transient nature of the PLK1-
214  AURKA interaction (Figure 5C). Interestingly, in mitotic cells, YA45F also interacted more strongly
215  than WT PLK1 with BUB1, a major kinetochore receptor for PLK1 in mitosis that interacts with the
216  PBD of PLK1 *>%(Figure 5C). These data suggest that Y445 phosphorylation reduces the affinity of
217  the PLK1 PBD for PLK1 interaction partners, which underpins a reduction in PLK1 activity and

218  functionality.
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219  Phosphorylation of Y445 reduces flexibility within the PBD connecting loop and reduces substrate
220 binding.

221  We next investigated whether Y445 phosphorylation disrupts the structure and function of the PLK1
222 PBD. We performed molecular dynamics simulations using a published structure of the PBD of PLK1
223 bound to a model phosphopeptide (PDB: 1TUMW)32, The binding free energy of the interaction was
224  computed for the WT PLK1 PBD and PBD structures in which we simulated the phosphorylation of
225 either Y445 or Y425. While phosphorylation of Y425 did not alter the computed binding free energy,
226  phosphorylation of Y445 caused a decrease in the binding free energy (p < 0.05, Table S2).

227  Additionally, pY445 is predicted to interact with R507 on the backside of the phosphopeptide

228 binding pocket, causing a dramatic loss of flexibility in residues 502-506, which comprise a portion of
229  the connecting loop between the two PBD domains that normally exhibit high flexibility (Figure 5D-
230 F). Flexibility loss occurred irrespective of whether the PBD structure was bound to the model

231 phosphopeptide (Figure 5D-F). These results suggest that phosphorylation of Y445 causes PBD

232 dysfunction by perturbing both substrate binding and the overall structural dynamics of the PBD.

233 Discussion

234  The EYA family is a biochemically unique group of protein tyrosine phosphatases; however, little is
235 known about the substrates of the EYAs, or the downstream cellular processes impacted by EYA
236 mediated dephosphorylation. Using BiolD proximity proteomics we provide the first comprehensive
237  characterization of EYA4 binding partners and find that many EYA4 interactors are involved in the
238  regulation of mitosis. Additionally, we identify PLK1, one of the master regulatory kinases of mitosis,
239 as the first known EYA4 phosphatase substrate, and describe a novel signalling pathway in which
240  EYA4 and EYA1 regulate PLK1 through the dephosphorylation of pY445 during G2 (Figure 6).

241 Dephosphorylation of PLK1 by the EYAs supports PLK1 activation, centrosomal

242 maturation/separation, the prevention of spindle defects, and mitotic progression. Y445 on PLK1 has
243 previously been shown to be phosphorylated by c-ABL, however this is the first report of its

244  dephosphorylation and functional significance®..

245  The magnitude by which the individual EYAs support PLK1 activation is cell line dependent. This may
246 be explained by variability in EYA protein levels (Figure S2B); however, functional differences

247  between EYA4 and EYA1 also exist. Specifically, EYA4 dephosphorylates PLK1 at pY445 exclusively,
248  while EYA1 appears to dephosphorylate both pY445 and pY425. Interestingly, the activating effect of
249 an unphosphorylatable Y445F mutation was reduced by a concomitant unphosphorylatable Y425F
250  mutation. This suggests that the degree to which EYA1 can promote PLK1 activity through pY445
251 dephosphorylation may in part depend on the initial phosphorylation level of pY425.

252  While the overall conclusions are supported by the use of an EYA phosphatase inhibitor, there were
253 some phenotypic differences observed when compared to genetic depletion of the EYAs. In

254  particular, treatment with benzarone reduced T210 phosphorylation as well as PLK1 levels in mitotic
255 cells, compared to an exclusive reduction of T210 phosphorylation following knock down. EYA1

256 depletion also caused a slight increase in PLK1 levels in Hela cells. Further, while both knock downs
257  and benzarone treatment caused an induction of mitotic spindle defects, the magnitude of the

258 induction was greater with benzarone treatment. Overall, these differences are likely explained by
259  cellular adaptations that can occur during the course of a 72-hour siRNA time-course that do not
260  have time to occur during the shorter benzarone treatment. However, it is also possible that the
261  transcriptional activity of the EYAs can modulate some of their effects on PLK1 and mitosis.
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262 Mechanistically, the dephosphorylation of pY445 promotes PLK1 activation in mitosis by supporting
263 the interaction between PLK1 and PLK1-activation complexes. Phosphorylation of Y445 is predicted
264  to decrease the interaction of the PLK1 PBD with a model peptide, as well as dramatically decrease

265  the flexibility within the connecting loop of the PLK1 PBD structure. We propose that these changes
266 have an additive effect, which results in the loss of PBD-dependent interactions. Given that the

267  predicted reduction in binding between the PBD and model peptide is relatively modest, we expect
268  that the loss of connecting loop flexibility is particularly important for in-vivo interactions. However,
269 this is difficult to directly assess, as mutations in the connecting loop that experimentally alter

270  flexibility would almost certainly have other intra and intermolecular effects that could not be

271  controlled for.

272 PLK1 was one of 17 centrosomal EYA4 binding partners identified by BiolD, which suggests that EYA4
273 may have additional centrosomal functions. A recent paper reported that EYA2 can localize to and
274  support the function of centrosomes, even though it does not have an obvious PDS sequence /.

275  While it is possible that EYA2 has unrelated regulatory functions at centrosomes, our BiolD data, as
276  well as previous observations, suggest that both EYA2 and EYA1 can interact with EYA4. This raises
277  the possibility that the EYAs may function in a complex, thereby enabling EYA2 to contribute to the
278 dephosphorylation of PLK1 2, These results highlight the need for further characterization of the
279 roles of EYA proteins in centrosome biology.

280 Overall, we have characterized a new EYA-PLK1 signalling pathway with important implications for
281  the structural regulation of PLK1, centrosome biology, and mitosis. Inactivation of the EYA-PLK1
282  signalling pathway potently induces mitotic cell death. This work provides a novel mechanism by
283 which EYA phosphatase inhibitors may illicit cell killing in a therapeutic context, and justifies further
284  testing of EYA phosphatase inhibitors in preclinical tumour models.

285 Methods
286 Vectors

287  All expression constructs were cloned into PCMV6 expression vectors. EYA4 and PLK1 mutants were
288  generated using gBlocks™ Gene Fragments and restriction cloning.

289 Cell culture, transfection, and gene knockdown

290  Cells were maintained in DMEM with 10% FCS in a sterile humidified incubator at 37°C with 10% CO,
291 and 20% O,. All cell lines were mycoplasma free and verified by STR profiling through CellBank

292 Australia. Cells were passaged and harvested with trypsin. Cells were transfected at approximately
293  50% confluency with plasmid DNA using FUGENE® 6 or FUGENE® HD at a 3:1 ratio of FUGENE to DNA,
294 according to manufacturer recommendations (Promega). For transient transfections plasmid DNA
295  expression was allowed to proceed for 48 hours prior to downstream analysis. Gene knockdown was
296  performed using Lipofectamine™ RNAIMAX according to manufacturer instructions (Thermo Fisher
297 Scientific). Media containing RNAiMax and siRNA was changed, or cells were split into fresh media,
298 24 hours post transfection. Unless otherwise stated, downstream analysis occurred 72 hours after
299 initial siRNA transfection.

300 Cell synchronization and drug treatments

301 For enrichment of cells in mitosis or G2, cells were first synchronized in S-phase for 18 hours using 2
302 mM thymidine. Thymidine containing media was then removed and cells were washed 4 times with
303 fresh media. For arrest in mitosis, nocodazole (0.1ug/ml) was added to cells for 12 hours prior to
304 harvest. For arrest in G2, RO-3306 was added to media 4 hours after release from thymidine at a


https://doi.org/10.1101/2022.10.10.511510
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.10.511510; this version posted October 11, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-ND 4.0 International license.

305 concentration of 10uM and cells were incubated for 6 hours prior to harvest. RO-3306 arrested cells
306 were released into mitosis by removal of RO-3306 containing media and 3 washes with fresh media.
307 Benzarone was diluted in DMSO and added to cells at concentrations as listed in the text.

308 Immunoprecipitation/Co-immunoprecipitation

309 Cells were lysed in co-immunoprecipitation buffer (20 mM HEPES-KOH pH 7.9, 200 mM NacCl, 10%
310 (v/v) glycerol, 0.1% Triton X-100, 1 mM DTT) supplemented with cOmplete Mini EDTA-free protease
311 inhibitor cocktail and PhoshoStop phosphatase inhibitor tabs (Roche) at 4 °C. Lysates were cleared
312 by centrifugation at 16,000 x g for 25 minutes at 4°C. Simultaneously, 4 or 5 ug of appropriate

313 antibodies or IgG control proteins were bound to protein G Dynabeads™ as per manufacturer

314  instructions (Life Technologies). Equal portions of cleared lysates were added to antibody or IgG
315 bound Dynabeads™ and incubated for 3 hours or overnight at 4°C. Beads were washed with co-
316  immunoprecipitation buffer at 4°C 4x for co-immunoprecipitation and 6x for immunoprecipitation,
317  followed by elution with a 2:1 mixture of 50 mM Glycine, pH 2.8 and 1x NuPAGE™ LDS sample

318 buffer (Life Technologies) at 70°C for 10 minutes.

319  BiolD pulldowns

320 BiolD-Myc or BiolD-Myc-EYA4 plasmids were transfected into T150 flasks of 293Ts at 50% confluence
321 in quadruplicate. After 24 hours, media was removed and replaced with media containing 50 UM
322 biotin. After 24 hours incubation with biotin, cells were trypsinised, pelleted and resuspended in 500
323 pL GdmCL lysis buffer (6 M GdmCI, 100mM Tris pH8.5, 10mM TCEP, 40mM lodoacetamide). Lysates
324  were heated at 95°C for 5 minutes and then cooled on ice for 15 min. Samples were sonicated using
325  aBioruptor ® sonicator at for 5 duty cycles for 30 seconds on and 30 seconds off at 4°C. Lysates were
326  then heated again at 95°C for 5 minutes and then cooled on ice for 15 min, followed by a 30 minute
327 RT incubation in the dark to allow for iodoacetamide to react with Cys residues. Lysates were then
328 diluted 1:1 with milliQ water, and protein was precipitated overnight at -20°C using 4 volumes of
329  acetone. The following day the proteins were pelleted by centrifugation for 5 minutes at 1500 RPM,
330 washed once with 80% acetone, and resuspended by sonication as before. Proteins were again

331 pelleted by centrifugation, acetone aspirated and left to dry for 15 minutes. Dried pellets were

332 resuspended by sonication as before in resuspension buffer (2 M urea, 50 mM Sodium

333 Pyrophosphate pH 8, 50 mM Ammonium Bicarbonate, 0.2% SDS). Protein concentration was

334  determined by BCA assay. Next, 2 mg of each lysate was used in overnight immunoprecipitation

335 reactions with 20 mg of streptavidin coated dynabeads. The following day, the beads were washed
336 for 3x5 minutes with rotation in resuspension buffer. Next, 10% of the beads were transferred to a
337 new tube and subject to elution of biotinylated proteins using 1X LDS at 80°C for 10 minutes for

338  downstream western blot analysis. The remaining 90% of the beads were washed 3x with 100 mM
339  Ammonium Bicarbonate and then resuspended in 100 pl of fresh 100 mM Ammonium Bicarbonate
340  with 8% Acetonitrile (ACN) and 5 pg trypsin. On bead trypsin digestion was carried out overnight at
341  37°Cshaking at 2000 RPM.

342 C18 desalting of tryptic peptides

343 C18 stagetips were made using a syringe punch to pack to 2 layers of C18 filter into a low-retention
344 p200 tip. C18 stagetips were activated by centrifuging through 100 ul of 100% acetonitrile and

345  equilibrated with 0.1% formic acid (FA) and 0.1% trifluoroacetic acid (TFA). Tryptic peptides were
346 prepared for desalting by the addition of 30 uL of 3.2 M KCL, 11 ul 150 mM KH;PO,4 and 19 ul of
347 100% TFA followed by centrifugation at max speed for 15 minutes and re-tubing. Peptides were
348 partially dried in a speedyvac for 30 minutes and then added to pre-equilibrated C18 stagetips and
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349  centrifuged at 1500 RPM. C18 bound peptides were washed twice with 100 ul of 0.1% FA and 0.1%
350  TFA. Peptides were eluted with 40% ACN in 0.1% FA and fully dried in a speedyvac. Finally, samples
351  were resuspended in 6 ul of mass spec buffer (1% FA, 2% ACN).

352 LC-MS/MS and analysis for BiolD and pY IPMS

353 Peptides were separated using a Dionex Ultimate 3000 UHPCL system with a nanoflow silica column
354 packed with 1.9uM C18 beads using a 195-minute gradient. Mass spectrometry was performed using
355 aThermo Q Exactive instrument. The MS was operated in data-dependent mode with an MS1

356 resolution of 35,000, automatic gain control target of 3e6, and a maximum injection time of 20

357 milliseconds. The MS2 scans were run as a top 20 method with a resolution of 17,500, an automatic
358  gain control target of 1e5, a maximum injection time of 25ms, a loop count of 20, an isolation

359 window of 1.4 m/z and a normalized collision energy of 25.

360 Raw MS spectra data were matched, and label free quantification performed using MaxQuant.

361 Default settings were used with the exception of LFQ min count, which was set to 1, matching from
362  and to was enabled as well as matching between runs. Additionally, the match time was setto 1.5
363 min. For matching the following FASTA file was used: UP0O00005640_9606. Raw excel files were
364  exported to Perseus where data was log2 transformed, potential contaminants removed, and

365 imputation performed. P-values were generated in Perseus using a student’s T-test with a false
366 discovery rate of 0.01. The presence of EYA4 and the established EYA4 interactors SIX1 and SIX2
367 among the high confidence EYA4 interactors in the BiolD dataset further validated the approach.

368 For the analysis of BiolD interactors with localization to mitotic structures pertaining to figure 1B we
369 reduced the stringency for inclusion to include medium confidence EYA4 interactors (Log2 fold

370 difference >1). Subcellular localization data was taken from uniprot as well as primary literature

371  searches for each protein in combination with the search term “mitosis.”

372 Identification and quantification of PLK tyrosine phosphorylated sites by mass spec.

373 Myc-tagged PLK1 was overexpressed in triplicate or quadruplicate for each treatment in 293T cells.
374  Treatments included siRNA against EYA4, EYA1 or a control sequence, overexpression of EYA4 Ydef
375  or EYA4 wt, or incubation with benzarone (10uM) or DMSO for 2 hours prior to cell harvesting. Cells
376  were pelleted, and PLK1 was immunopurified and eluted as described in the previous section.

377 Immunopurified PLK1 was resolved on 4-12% Bis-Tris precast mini gels (Life Technologies). Following
378  electrophoresis, gels were subjected to colloidal Coomassie staining according to the Anderson

379 method >3. Bands corresponding to PLK1-Myc were excised, destained, reduced, alkylated, and

380 digested in-gel with trypsin, following a previously described protocol >*. Peptides were fully dried
381 downin aspeedyvac and resuspended in 6 pl of mass spec buffer.

382 Peptides were separated using a Dionex Ultimate 3000 UHPCL system with a nanoflow silica column
383 packed with 1.9uM C18 beads using a 130-minute gradient. Mass spectrometry was performed using
384 a Thermo Q Exactive instrument operating in parallel reaction monitoring (PRM) mode using an

385 inclusion list populated with phospho or unmodified mass and charge peptide data generated from
386  pilot experiments (Table S2). MS2 scans were performed with a resolution of 17,500, an automatic
387  gain control target of 5e4, a maximum injection time of 50 milliseconds, an isolation window of 1.6
388 m/zand a normalized collision energy of 30.

389  Skyline was used to extract chromatogram data and identify peaks from the PRM scans. The sum of
390 production peak areas for individual peptides was quantified in accordance with the Skyline PRM
391 tutorial. The ratio of phosphopeptide peak intensities was taken relative to corresponding
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392 unmodified peptides. Some datapoints were removed from analysis when precursor ion peaks were
393 poorly identified, or in the case of clear outliers. Data presented in figure 2d is expressed as percent
394  differences relative to control treatments and each datapoint represents at least biological

395  duplicate.

396 Raw MS data

397  The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium
398  viathe PRIDE partner repository with the dataset identifiers PXD036405, PXD036430, and
399  PXD037064.

400 In-vitro phosphatase assay

401  The catalytic domain of human EYA4 (residues 367 — 639) was sub-cloned as a poly-His fusion

402  construct with a TVMV cleavage site in the vector pDEST-527. Fusion protein was purified by Ni-NTA
403 chromatography followed by ion exchange (Fast-Q) and size-exclusion chromatography over a

404  Superdex-75 column. Phosphopeptides were synthesized by Lifetein. Peptide assays were

405  conducted in 20 mM MES pH 6, 150 mM NaCl, 2 mM MgCl2, using a range of peptide concentrations
406 (0 -—400 uM) and the Biomol assay. Data was analysed using non-linear regression in GraphPad

407 PRISM assuming Michaelis-Menten kinetics.

408  Immunoblotting

409  Western blot lysates were produced in RIPA buffer (Pierce #89900) supplemented with cOmplete
410 Mini EDTA-free protease inhibitor cocktail and PhoshoStop phosphatase inhibitor tabs (Roche) and 1
411 mM DTT at 4 °C. Lysates were cleared by centrifugation at 16,000 x g for 25 minutes at 4 °C. Proteins
412  were separated using 3-8% or 7% Tris-Acetate, or 4-12% Bis-Tris precast mini gels (Life Technologies)
413  and transferred to PVDF membranes at 70V for 2 hours or overnight (Immobilon P, Millipore).

414  Ponceau S staining was used to verify even transfer (Sigma Aldrich). Membranes were optionally cut
415  to detect multiple proteins. Blocking and antibody incubations were then performed with either 5%
416  non-fat milk or bovine serum albumin (fraction V) in PBST or TBST. Bands were visualized with HRP-
417  conjugated secondary antibodies (DAKO) followed by application of a chemiluminescent reagent
418  (Thermo Scientific). Stripping with Restore™ PLUS stripping buffer (Thermo Scientific) and reprobing
419  was performed in some cases when the subsequent primary was of a different species; however,
420  blots were never stripped more than once. Densitometry was performed in ImageJ on unaltered
421 images.

422 Immunofluorescence and Click-IT EdU staining

423  Cells were grown on coverslips pre-treated with Alcian blue stain to promote adherence (Sigma). For
424  experiments involving EdU incorporation, EdU was added to the media for 1 hr prior to fixation at a
425 final concentration of 10 uM. Cells were washed with PBS and then fixed using freshly prepared 4%
426  paraformaldehyde (Sigma) for 10 minutes at RT followed by 2X PBS washes and then

427 permeabilization with KCM buffer (120 mM KCl, 20 mM NaCl, 10 mM Tris pH 7.5, 0.1% Triton), or
428 0.2% Triton in PBS. If required, Click-It EJU staining was performed as per the manufacturer’s

429  recommendations (Thermo Scientific). Next, blocking was performed using antibody-dilution buffer
430 (20 mM Tris—HCI, pH 7.5, 2% (w/v) BSA, 0.2% (v/v) fish gelatin, 150 mM NaCl, 0.1% (v/v) Triton X-100
431 and 0.1% (w/v) sodium azide) for 1 hr at RT. Cells were incubated with primary antibodies for 1 hr at
432 RT or overnight at 4°C followed by 3 x 10 minute washes in PBS. Cells were then incubated with

433 Alexa Fluor conjugated secondary antibodies (Thermo Scientific) at a 1:500 or 1:750 dilution for 1 hr
434  at RT. Cells were again washed for 3 x 10 minutes in PBS followed by staining in DAPI solution for 20
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435 minutes (Sigma). Coverslips were mounted on slides in ProLong™ Gold antifade. Images were
436 acquired with a Zeiss Axio Imager microscope.

437  Imaging and Image Analysis

438 Fixed cell microscopy images were acquired with a Zeiss Axio Imager microscope. For automated
439  image analysis images were converted from (.CZI) to (.TIFF) and imported into Cellprofiler v2.2 or
440  v4.1 %5, Using custom image analysis pipelines we employed intensity-based thresholding strategies
441  to mask individual objects (nuclei, centrosomes) and intensity-based measurements were made
442 within these masks using the MeasureObjectIntensity module. Cytoplasmic area was approximated
443 by expanding nuclear objects by 25 pixels in every direction. For analysis of centrosome number and
444  intensity in prophase cells, images were imported into Imagel. Prophase was staged by nuclear

445 morphology and the positivity for H3 S10 phosphorylation and centrosomes were identified using
446  the manual selection tool and intensity determined using the measure function. Mitotic defects

447  were scored manually in image J.

448  Live cell imaging and analysis using the Incucyte

449 For siRNA experiments knockdowns were performed in T75 flasks. Forty-eight hours later cells were
450 reseeded into 24 well plates at 50% confluence and added to the incucyte. Imaging and data

451 collection was performed 72 hours after initial knockdown. Overexpression experiments were

452 performed directly within 24 well plates and imaging and data collection performed 48 hours after
453  overexpression. Drug treatments were performed four hours before imaging and data collection.
454 Phase contrast images were taken at 10X at fixed intervals for given experiments. Image analysis was
455 performed manually.

456 Molecular dynamics simulations

457 Preparation of structures

458

459  The crystal structure of the polo-box domain (PBD) of polo-like kinase 1 (Plk1) bound to a consensus
460 phosphopeptide (PDB code 1UMW 32) was used as the initial structure for molecular dynamics (MD)
461 simulations. The N- and C-termini of PLK1 PBD were capped by an acetyl group and N-methyl group,
462 respectively. The protonation states of residues were determined by PDB2PQR. *¢ In total, six PBD
463 systems were set up: apo PBD, PBD complexed with phosphopeptide, apo PBD with Y445
464 phosphorylated (PBD-pY445), PBD-pY445 complexed with phosphopeptide, apo PBD with Y425
465 phosphorylated (PBD-pY425), and PBD-pY425 complexed with phosphopeptide. Each system was
466 solvated with TIP3P water molecules >’ in a periodic truncated octahedron box such that its walls were
467 at least 10 A away from the protein, followed by charge neutralisation with sodium or chloride ions.
468

469 Molecular dynamics

470 Four independent MD simulations were carried out on each of the PBD systems. Energy minimisation
471  and MD simulation were performed with the PMEMD module of AMBER 18 °8 using the ff14SB >° force
472  field. Parameters for phosphorylated residues were used as described by Homeyer et al. ®° A time step
473  of 2 fs was used and the SHAKE algorithm ®' was implemented to constrain all bonds involving
474  hydrogen atoms. The particle mesh Ewald method % was used to treat long-range electrostatic
475 interactions under periodic boundary conditions. A cutoff distance of 9 A was implemented for
476  nonbonded interactions. The non-hydrogen atoms of the protein and peptide were kept fixed with a
477  harmonic positional restraint of 2.0 kcal mol* A2 during the minimization and equilibration steps.
478 Energy minimization was carried out using the steepest descent algorithm for 1000 steps, followed by
479 another 1000 steps with the conjugate gradient algorithm. Gradual heating of the systems to 300 K
480  was carried out at constant volume over 50 ps followed by equilibration at a constant pressure of 1
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481  atm for another 50 ps. The restraints were removed for subsequent equilibration (2 ns) and
482 production (300 ns for the WT PBD and PBD-pY445 systems, 500 ns for the PBD-pY425 systems) runs,
483  which were carried out at 300 K and 1 atm, using a Langevin thermostat ® with a collision frequency
484  of 2 ps'and a Berendsen barostat 5 with a pressure relaxation time of 2 ps, respectively.

485

486 Binding free energy calculations

487 Binding free energies for the PBD—peptide complexes were calculated using the molecular
488  mechanics/generalized Born surface area (MM/GBSA) method ® implemented in AMBER 18.% Two
489 hundred equally-spaced snapshot structures were extracted from the last 100 ns of each of the
490  trajectories, and their molecular mechanical energies calculated with the sander module. The 10
491 closest water molecules to the phosphothreonine in the phosphopeptide ligand in each snapshot were
492 preserved and considered as part of the receptor for the MM/GBSA calculations. The polar
493 contribution to the solvation free energy was calculated by the pbsa % program using the modified
494  generalized Born (GB) model described by Onufriev et al. ®, with the solute dielectric constant set to
495 2 and the exterior dielectric constant set to 80. The nonpolar contribution was estimated from the
496  solvent accessible surface area using the molsurf ® program with y = 0.005 kcal A2 and B = 0. The
497  contribution of entropy was considered to be the same for all complexes and therefore ignored, as
498  the receptors are structurally very similar and the ligand is unchanged.

499

500  Statistical analysis

501  When not otherwise stated in the text p-values were generated in GraphPad Prism by students t-tests
502  for comparisons involving two groups, or one-way ANOVAs for three or more groups. Tukey’s or
503 Dunnett’s multiple comparisons tests were used with ANOVA to generate individual p-values when
504  the mean of each group was compared to every other group or when the mean of each group was
505 compared to the control group respectively.
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539 Fig. 1| a, Volcano plot of EYA4-Myc-BiolD interactome (EYA4BiolD, right side) vs Myc-BiolD

540 interactome (ConBiolD, left side). Grey coloured box represents 156 high confidence EYA4

541 interactors with -log p-value > 1.3 and Log?2 fold difference > 2. EYA4, PLK1 and AURKA are indicated
542 on the plot (n=4). b, EYA4 interactors with known localization to mitotic structures including PLK1.
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543 Proteins have been colour coded by Log?2 fold difference. c, Tyrosine phosphorylated proteins were
544 immunopurified (IP) from 293T or Hela protein lysates. Asterisk represents non-specific band on the
545 EYA4 blot (n=3). d, Immunopurified endogenous PLK1 from control or EYA4 depleted 293T cells that
546  had been arrested in G2 with RO3306 or released into mitosis for 15 or 30 minutes and immunoblots
547  performed using an anti-phosphotyrosine antibody (pY). e, Schematic representation of EYA4

548  protein with N-terminal transactivation domain and C-terminal tyrosine phosphatase domain as well
549  as putative PDS (AA 123- 129) and known phosphosite (pS128). f, Co-immunopurification reactions
550 between immunopurified endogenous PLK1 and an EYA4-Myc construct or EYA4-Myc mutants. Cells
551 have been arrested in G2 with RO3306 or released into early M phase. g, Immunoflourescence of
552 endogenous PLK1 and EYA4 in G2 arrested cells. A representative image is shown of a cell that is in
553  the process of centrosome separation (pre-separation) as well as a cell that has fully separated

554  centrosomes (post-separation).
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595 Fig. 2| a, Mitotic 293T or Hela cells were identified by positive staining for pS10 H3 in high

596  throughput image analysis experiments. Staining and quantitation were performed for total PLK1
597  and pT210 PLK1 in separate experiments following knockdown of EYA1, EYA4 or the combined

598  knockdown. Representative images from the combined knockdown experiments are shown for each
599 cell line (top). Quantitation of fluorescence intensity of total PLK1 or pT210 PLK1 in individual mitotic
600 cells is shown for each treatment (bottom). Combined knockdown of EYA4 and EYA1 caused a highly
601  significant decrease in pT210 PLK1 intensity in both cell lines (p < 0.0001). b, Western blots from
602 nocodazole arrested mitotic Hela cells and densitometry of the ratio of pT210 PLK1 to total PLK1
603  from three biological replicates (p < 0.05, asterisk indicates a non-specific band on the EYA4 blot). c,
604  Western blots following treatment with a pan-EYA phosphatase inhibitor in nocodazole arrested
605 mitotic Hela cells and densitometry of pT210 intensity from three biological replicates (p < 0.05 for
606  20uM benzarone). d, Representative western blots and pT210/total PLK1 densitometry in three
607 biological replicates of nocodazole arrested mitotic Hela cells overexpressing EYA4 or EYA4 mutants.
608  (p < 0.05 for comparisons between EYA4 S128D and EYA4 S128D or EYA4 ydef).
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Fig. 3| a, Representative images of prophase Hela cells identified by pS10 positivity and DNA
morphology with either one or two centrosomes (pericentrin foci). b, Quantitation of the fraction of
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649 prophase cells with one centrosome or two centrosomes following depletion of EYA1, EYA4 or the
650 combination (p < 0.01, 0.0001, and 0.001 respectively, relative to a control siRNA, n=3). c, Integrated
651 intensity of pericentrin foci in prophase cells following depletion of EYA4, EYA1 or combined EYA4
652  and EYA1 depletion (p < 0.001 and 0.0001 respectively in cells one centrosome, n=3). d-e,

653 Asynchronous Hela cells were pulsed with EdU for 1 hour and incorporated EdU was detected

654  alongside PLK1, pericentrin and DAPI. d, Fluorescent images show examples of PLK1 colocalization
655 with pericentrin in EAU negative G2 cells from control or EYA4 depletion conditions. e, G2 cells were
656 identified by gating the cell population using EdU intensity on the Y-axis and DAPI intensity on the X-
657  axis. The red box indicates EdU negative, DAPI high (4N DNA content) G2 cells used in the analysis f,
658 Quantitation of PLK1 integrated intensity at centrosomes in relation to d and e (p < 0.0001, 0.001
659 respectively for comparisons made in cells with one or two centrosomes). g, Example images

660  showing pericentrin and alpha-tubulin staining of mitotic Hela cells highlighting the most commonly
661 observed spindle defects including monopolar and multipolar spindles as well as spindles with

662 misaligned chromosomes. h, Total spindle defects were enhanced following depletion of EYA4 (p <
663  0.075), combined depletion of EYA1 and EYA4 (p < 0.05) or following treatment of cells with

664  benzarone (p <0.001, n=3). i-l, Summary data from live cell imaging experiments (n=3). i, Mitotic
665  duration was increased following depletion of EYA4 (p < 0.05) and in a dose-dependent manner
666 following treatment with benzarone (p < 0.0001 for 10uM). j, Mitotic cell death was increased both
667  with EYA4 depletion (p < 0.0001) and following treatment with 10uM benzarone (p < 0.001). k,

668  Overexpression of an S128A EYA4 mutant increased mitotic duration relative to EV (p < 0.05), EYA4
669  Ydef (p <0.05), and EYA4 S128D (p < 0.001). I, Overexpression of EYA4 Ydef increased mitotic cell
670  death relative to EYA4 S128D (p < 0.01).
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Fig. 4| a, Schematic showing an example of immunopurified and Coomassie stained PLK1 which was
in-gel digested and used in downstream pilot and quantitative phophoproteomic experiments.
Phosphosites identified by mass spectrometry also informed in-vitro phosphatase assays. b, Results
of quantitative phosphoproteomics experiments following a two-hour treatment with a pan-EYA
phosphatase inhibitor (Benzarone, 10uM), depletion of EYA4 or EYA1, or overexpression of a
phosphatase defective EYA4 protein (Ydef). Results are shown as the mean percent change in
phosphorylation level relative to control treatments of four PLK1 phosphotyrosine sites (n = 2-4
biological replicates per treatment). ¢, The purified phosphatase domain of EYA4 (left, Coomassie
stained SDS-PAGE gel) was used in in-vitro phosphatase assays with synthetic phosphopeptides.
pY445, pY425 and a positive control peptide from H2AX (pY142) (middle), were dephosphorylated
with fast Michaelis-Menten (MM) kinetics and comparable Km values (0.51mM for H2AX (pY142),
0.34 mM (pY425), 0.46mM (pY445). pY421, pY217 and a scrambled version of pY445 were
dephosphorylated with slow linear kinetics (right). Error bars represent standard deviations, n=3).
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724  Fig. 5] a, Representative western blots and pT210/total PLK1 densitometry in three biological

725 replicates of nocodazole arrested mitotic Hela cells overexpressing Myc-tagged PLK1 wt or a Myc-
726  tagged Y445F PLK1 mutant (p < 0.001, n=3, asterisk on the pT210 PLK1 and PLK1 blots indicates
727  endogenous PLK1) b, The Myc-tagged Y445F mutant of PLK1, but not the Myc-tagged WT PLK1 can
728 partially rescue the mitotic arrest (pS10 H3 signal) induced by depletion of the endogenous PLK1 by
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729  a 3’UTR targeted siRNA (asterisk indicates endogenous PLK1). ¢, Coimmunoprecipitation reactions
730  with overexpressed Myc-tagged PLK1 wt or Myc-tagged PLK1 Y445F in RO3306 arrested G2 cells and
731 nocodazole arrested M-phase cells. d, A representative simulation snapshot of PLK1 PBD (green)
732 phosphorylated at Y445 and complexed with a model phosphopeptide (yellow). The image highlights
733 the interaction of pY445 with R507 (green sticks) and the increased rigidity within the connecting
734  loop (AA 502-506) highlighted in orange. e-f, Plots of the root mean square fluctuation (RMSF) of Ca
735  atoms in wt PLK1 PBD (black line) and Y445-phosphorylated PLK1 PBD (red line). The decreased

736 RMSF within the connecting loop is indicative of decreased flexibility either when the PBD is bound
737  to a model phosphopeptide (e), or in the unbound state (f).

738

739 Figure 6.
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742 Fig. 6] a-d, Model depicting dephosphorylation mediated regulation of PLK1 by EYA4/EYAL. a,
743 Phosphorylation of PLK1 at Y445 by c-ABL and phosphorylation of EYA4/EYA1 within a PDS domain
744 (5128 on EYAA4: likely a CDK site) occurs during G2. b, EYA4/EYA1 interacts with PLK1 through an
745  active PDS at centrosomes in G2 and dephosphorylates it at pY445. c-d, Dephosphorylated PLK1 has
746  enhanced interactions with PLK1 activation complexes at centrosomes and in the cytoplasm, leading
747  to enhanced pT210 phosphorylation and the promotion of PLK1 functions in centrosome

748  maturation/separation, formation of the mitotic spindle, and mitotic progression.
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770 Extended Data
771 Figure S1.
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775  Supp. Fig. 1| a, Western blot showing equal protein expression of EYA4-Myc-BiolD and Myc-BiolD
776  constructs. b, Western blot showing enrichment of biotinylated proteins following precipitation with
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777  streptavidin. ¢, Western blot showing equal levels of biotinylated proteins in samples destined for
778  trypsin digestion and mass spectrometry. d, Immunoprecipitation and western blotting of tyrosine
779  phosphorylated proteins using an anti-phosphotyrosine antibody following depletion of EYA4 showing
780 IP lysates (Lys) and Eluates (Elu). e, Volcano plot of immunoprecipitated tyrosine phosphorylated
781 proteins identified by mass spectrometry, proteins with increased tyrosine phosphorylation following
782 EYA4 depletion are on the right side (n=2). Grey coloured box represents 50 proteins with statistically
783  significant increases in tyrosine phosphorylation (-log p-value > 1.3). PLK1 is indicated on the plot. f,
784  Table showing conserved putative PDS and phosphosite in EYA4 and EYA1, but not present in EYA2 or
785 EYA3. g, PLK1 coimmunopurification with Myc-tagged EYA4, and EYA1, but not EYA3, in G2 arrested
786 cells. h, Immunoprecipitation of tyrosine phosphorylated proteins and western blotting. Densitometry
787  values of PLK1 in the eluate (pY PLK1) relative to total PLK1 in the lysate is under the blot.
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792  Supp. Fig. 2| a, An example plot showing the identification of pS10 H3 positive and high DAPI (4N DNA
793  content) mitotic cells (red box). b, Western blots confirming EYA4, EYA1 and combination knockdowns
794 in asynchronous 293T and Hela cells. Asterisk represents a non-specific band on the EYA4 blot. c,
795 Western blot quantitation related to figure 3C. The ratio of pT210 PLK1 to total PLK1 in mitotic Hela
796  cells was reduced dose dependently by increasing concentrations of benzarone (ns). d, Mitotic 293T
797  cells were identified by positive staining for pS10 H3 in high throughput image analysis experiments.
798  Staining and quantitation were performed for pT210 phosphorylation of PLK1 in unsynchronized
799 mitotic cells following overexpression of EYA4 or EYA4 S128A (p < 0.01).
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802 Figure S3.
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806  Supp. Fig. 3| a, Immunofluorescence quantitation related to figure 3D-F. The ratio of PLK1 in the
807  nucleus relative to that in the cytoplasm was unchanged in unsynchronized G2 cells following EYA4
808  depletion and irrespective of centrosome number. b, Spindle defect subdivision by type related to
809 figure 3G-H. Co-depletion of EYA4 and EYAL induced a moderate number of monopolar spindles as
810  well as spindles with misaligned chromosomes (p = 0.054 and < 0.05, respectively). Treatment with
811 benzarone induced a moderate amount of multipolar and monopolar spindles (p = 0.063 and < 0.01
812 respectively). Additionally, benzarone caused most spindles to have misaligned chromosomes (p <
813  0.001).
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Figure S4.
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Supp. Fig. 4| a, Data from a public gene expression database (DepMap Portal) indicated that Hela
cells had comparatively high expression of EYA4, but relatively low expression of EYA1. Therefore, we
identified cells with high levels of EYA1 but low EYA4 (SKNAS) and high levels of both EYA4 and EYA1
(SKNFI) to test the relative contribution of each gene to sensitivity to benzarone. b, Western blot of
cleaved PARP and pS10 H3 in response to treatment with benzarone.
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854 Figure S5
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857  Supp. Fig. 5| a, Immunoblotting of total tyrosine phosphorylation on immunoprecipitated PLK1 or a
858  Y445F mutant in cells arrested in G2 with RO3306 following treatment with a control siRNA or one
859  targeting EYA4.. b, In-vitro phosphatase assays using the phosphatase domains of EYA4, EYA1, and
860 EYA3 and a pY445 phosphopeptide. All dephosphorylation reactions fit with Michaelis-Menten
861 kinetics, error bars represent standard deviations. ¢, Expression of myc-tagged WT PLK1 or
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phosphosite mutants including Y425F, Y445F and a combination mutant in nocodazole arrested
mitotic 293T cells. Densitometry of the T210 PLK1/total PLK1 ratio is presented (p < 0.05).
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