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Abstract

PDZ-binding kinase (PBK) plays a major role in proliferation and in safeguarding mitotic fidelity
in cancer cells. Frequently upregulated in many cancers, PBK drives tumorigenesis and metastasis.
PBK has been shown to be phosphorylated in mitosis by cyclin-dependent kinase 1 (CDK1)/cyclin
B, however, no studies have been done examining PBK mitotic phosphorylation in oncogenesis.
Additionally to the previously identified Threonine-9 phosphorylation, we found that
Threonine-24, Serine-32, and Serine-59 of PBK are also phosphorylated. PBK is phosphorylated
in vitro and in cells by CDK1 during antimitotic drug-induced mitotic arrest and in normal
mitosis. We demonstrated that mitotic phosphorylation of Threonine-9 is involved in cytokinesis.
The non-phosphorylatable mutant PBK-T9A augments tumorigenesis to a greater extent than wild
type PBK in breast cancer cells, suggesting that PBK mitotic phosphorylation inhibits its tumor
promoting activity. The PBK-T9A mutant also transforms and increases the proliferation of
immortalized breast epithelial cells. Collectively, this study reveals that CDK1-mediated mitotic
phosphorylation of PBK is involved in cytokinesis and inhibits its oncogenic activity.
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1. Introduction

PDZ-binding kinase (PBK) also named Lymphokine-Activated Killer T-Cell-Originated
Protein Kinase (TOPK) is a MAPKK:-like serine/threonine kinase. PBK was originally
isolated due to its increased expression in IL-2 activated killer T-cells and was found to
interact with the human homologue of the Drosgphila discs large tumor suppressor (hDlg)
[1,2]. Normally only having detectible expression in testicular germ cells and some fetal
tissues, PBK is overexpressed in a wide array of cancers including pancreatic, breast,
ovarian, colorectal, lung, bladder, gastric, and oral cancer [3-11]. In addition, PBK
overexpression is sufficient to transform mouse epidermal cells [11] and is strongly
associated with patient survival and tumor grade [3,9,12]. Several studies have shown that
PBK knockdown decreases cell viability and proliferation [7,11,13-16] as well as
suppressing the cologenic potential of cancer cells [7,10,11,15].

PBK has been shown to be upregulated during mitosis and that PBK binding and
phosphorylation by CDK1/cyclin B is required for its mitotic activity [17]. Other studies
have described a key role for PBK in mitosis, as cells treated with PBK inhibitors or siRNA
targeting PBK develop cytokinetic defects [7,18,19]. Threonine-9 of PBK has been
described previously as the principle mitotic phosphorylation target of CDK1/cyclin B and
that its phosphorylation is required for proper binding of PBK to its effector proteins as well
as for PBK’s mitotic activity [2,17,20]. However, no functional studies have been carried out
to examine the role of PBK mitotic phosphorylation in cytokinesis and cancer related
properties. Interestingly, another study has revealed that phosphorylated bands were still
present for HA-tagged PBK-T9A mutant protein in mitotically arrested cells, indicating the
possibility of other phosphorylation sites [21].

A recent report uncovered that PBK expression is regulated by Yes-associated protein
(YYAP), a transcriptional co-activator of the Hippo pathway [22,23], and is responsive to
geranylgeranyl signaling in ER- breast cancer cells [24]. In this report, we identified
additional CDK1/cyclin B phosphorylation sites on PBK and elucidate the role of the
CDK1/PBK axis in breast cancer. We found that CDK1-mediated mitotic phosphorylation of
PBK is involved in cytokinesis and inhibits its oncogenic activity.

2. Materials and methods

2.1. Cell culture and transfection

HEK?293T, HelLa, U20S, MCF10A, and T47D cell lines were purchased from American
Type Culture Collection (ATCC) and cultured as ATCC instructed. The cell lines were
authenticated at ATCC and were used at low (<25) passages. Attractene (Qiagen) was used
for transient overexpression of proteins in HEK293T cells following the manufacturer’s
instructions. SiRNA transfections were done with HiPerfect (Qiagen). The MISSION siRNA
for PBK was purchased from Sigma. The target sequences are: 5'-
GACCATAGTTTCTTGTTAA-3” and 5'-CTGGATGAATCATACCAGA-3’. Lentivirus
packaging, infection, and subsequent selection were done as we have described previously
[25]. Nocodazole (100 ng/ml for 16 h) and taxol (100 nM for 16 h) (Selleck Chemicals)
were used to arrest cells in mitosis unless otherwise indicated. Kinase inhibitors were
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purchased from Selleck Chemicals (V X680, BI2536, Purvalanol A, SP600125, SB216736,
and MK2206), ENZO life Sciences (RO3306 and Roscovitine), or LC Laboratory (U0126
and SB203580). All other chemicals were from either from Sigma or Thermo Fisher.

2.2. Expression constructs

The pWZL-Neo-Myr-Flag-PBK vector was a gift from William Hahn & Jean Zhao
(Addgene plasmid # 20558). To make the Lentiviral PBK expression constructs, the above
vector was used to clone full-length PBK cDNA into the pSIN4-Flag-IRES-puro vector. The
pSIN4-Flag-IRES-puro vector was made by inserting an N-terminal Flag-tag with multiple-
cloning-site sequences into the empty pSIN4-EF1a-IRES-Puro vector, which was originally
obtained from Addgene [26]. Point mutations were generated by the QuikChange Site-
Directed PCR mutagenesis kit (Stratagene) and verified by sequencing.

2.3. EGFP-expressing all-in-one CRISPR construct

To establish the CRISPR vector which expresses EGFP, we modified the
pX330A_D10A-1x2 all-in-one vector, from the Takashi Yamamoto laboratory [27]. We
removed the small sequence between the Fsel and Notl sites and added a T2A-EGFP
sequence from pSpCas9(BB)-2A-GFP (PX458) in its place [28].

To construct the all-in-one CRISPR/Cas9n plasmid targeting PBK, the sense and anti-sense
oligonucleotides from Table 1 were synthesized, annealed, and Golden Gate assembled into
the pX330A_D10A-1x2-EGFP and pX330S-2 vectors as described previously [27]. After
the two vectors were generated, a final Golden Gate assembly was performed to generate the
all-in-one vector as described previously [27]. The resulting pX330A_D10A-1x2-EGFP-
PBK-AB construct was transfected into cells and GFP-positive clones were selected by flow
cytometry-based cell sorting.

2.4. Recombinant protein purification and in vitro kinase assay

GST-tagged PBK and PBK-4A were cloned in pGEX-5X-1 and proteins were bacterially
expressed and purified on GSTrap FF affinity columns (GE Healthcare) following the
manufacturer’s instructions. GST-PBK (0.5-1 pg) was incubated with 10 U recombinant
CDK1/cyclin B complex (New England Biolabs) or 100 ng CDK1/cyclin B (SignalChem) in
kinase buffer (New England Biolabs) in the presence of 5 UCi y-32P-ATP (3000 Ci/mmol,
PerkinElmer). Phosphorylation (32P incorporation) was visualized by autoradiography
followed by Western blotting or detected by phospho-specific antibodies.

2.5. Antibodies

The PBK and phospho-PBK (pT9) antibodies were purchased from Cell Signaling
Technology (4942 and 4941). Rabbit polyclonal phospho-specific antibodies against PBK
T24, S32, and S59 were generated and purified by AbMart. The peptides used for
immunizing rabbits were SVLCS-pT-PTINI (T24), INIPA-pS-PFMQK (S32) and RGLSH-
pS-PWAVK (S59). The corresponding non-phosphorylated peptides were also synthesized
and used for antibody purification and blocking assays. Anti-Flag antibody was from Sigma.
Anti-PLK1 was from BioLegend. Anti-B-actin, anti-Mps1/TTK, anti-cyclin E1, and anti-
cyclin B antibodies were from Santa Cruz Biotechnology. Anti-aurora-A, anti-CDK2, anti-
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glutathione S-transferase (GST), anti-BUB1, and anti-BubR1 antibodies were from Bethyl
Laboratories. Anti-phospho-S10 H3, anti-YAP, anti-phospho-S127 YAP, anti-phospho-S397
YAP, anti-vimentin, anti-E-cadherin, anti-N-cadherin, anti-CDC25C, anti-CDK4, anti-
CDKS5, anti-CDKS®, anti-Cyclin A2, anti-Cyclin E2, anti-MAD2, anti-phospho-S795 Rb,
anti-Weel, and anti-phospho-S642 Weel antibodies were from Cell Signaling Technology.
Anti-p-tubulin (Sigma) antibodies were used for immunofluorescence staining.

2.6. Phos-tag and Western blot analysis

Phos-tag™ was obtained from Wako Pure Chemical Industries, Ltd. (cat#: 304-93521) and
used at 10-20 pM (with 100 uM MnCIl,) in 8% SDS-acrylamide gels as described [29].
Western blotting and lambda phosphatase treatment assays were done as previously
described [25].

2.7. Immunofluorescence staining and confocal microscopy

Cell fixation, permeabilization, immunofluorescence staining, and microscopy were done as
previously described [30]. For peptide blocking, a protocol from the Abcam website was
used, as we previously described [31].

2.8. Proliferation, migration and invasion assays

Proliferation of cells was determined by MTT assay. Briefly, the cell lines MCF10A and
T47D were seeded into 12-well plates, in triplicate, at a density of 5x10% and 1x10° cells/
well respectively. Next, culture media with 0.5 pg/mL MTT was added to the cells which
were incubated in the dark at 37°C for 1 h. After incubation, the media was removed and the
reduced MTT was liberated from the cells and dissolved by addition of 500 uL of DMSO.
Then 150 pL of the released dye was transferred, in triplicate, to 96-well plates. The
absorbance was determined at a wavelength of 570 nm. Wound healing assays were utilized
for measuring migratory activity as previously described [32]. /n vitro cell invasion assays
were performed using the BioCoat invasion system (BD BioSciences) according to the
manufacturer’s instructions. The outer section was filled with 750 pL of a culture medium.
Cell suspensions in 500 pL of serum free medium were seeded in the inner chambers. After
incubation for 24 h, the cells on the upper surface of the chamber were removed with a
cotton swab, and the cells that invaded to the lower surface of the chamber were fixed with
methanol and stained using ProLong Gold Antifade Reagent with DAPI [31].

2.9. Statistical analysis

Statistical significance was analyzed using a two-tailed, unpaired Student’s t-test.

3. Results and Discussion

3.1 Antimitotic drugs trigger PBK phosphorylation at mitosis of cell cycle and can be
blocked by CDK1 inhibitors

To further explore PBK’s involvement in mitosis, we treated Hel a cells with taxol or
nocodazole to arrest the cells in mitosis and as shown in Figure 1A, PBK protein was
dramatically up-shifted on a Phos-tag gel (Fig. 1A). Lambda phosphatase treatment largely
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abolished the PBK mobility shift, suggesting that PBK is phosphorylated during mitotic
arrest (Fig. 1B). We used various kinase inhibitors to identify the candidate kinase for PBK
phosphorylation. Inhibition of PLK1 (with BI2536), Aurora-A, -B, -C (with VX680), Akt
(with MK2206), p38 kinase (with SB203580), JINK1/2 (with SP600125), MEK/ERK (with
U0126), or GSK3 (with SB216763) failed to alter the phosphorylation level and resultant
mobility shift of PBK during G2/M arrest (Fig. 1C, lanes 5-11). These inhibitors are
effective under the conditions used [31,33]. Treatments with RO3306 (CDK1-specific
inhibitor) or Purvalanol A (CDK1/2/5 inhibitor) virtually blocked the PBK mobility shift/
phosphorylation entirely (Fig. 1C, lanes 3-4). These data suggest that PBK is likely
phosphorylated by CDK1 during mitotic arrest induced by taxol or nocodazole treatment.

3.2 CDK1 phosphorylates PBK in vitro

Next, with bacterially purified PBK proteins as substrates, we performed /n vitro kinase
assays to determine whether CDK1 can directly phosphorylate PBK. Figure 2A shows that
purified CDK1/cyclin B kinase complex strongly phosphorylated GST-PBK proteins /n vitro
and that the CDK1 inhibitor RO3306 greatly reduced the phosphorylation of GST-PBK (Fig.
2A). There are a total of four conserved sites on the N-terminus of PBK that fit the proline-
directed consensus sequence of CDK1-phosphorylation sites [34] (Fig. 2B). Intriguingly,
these four sites (Threonine-9, Threonine-24, Serine-32, and Serine-59) have been identified
as mitotic phosphorylation sites from large scale proteomic studies [35,36]. Mutating these
four sites to non-phosphorylatable alanines (PBK-4A) completely eliminated the 32P
incorporation onto PBK, indicating that T9, T24, S32 and S59 are the main CDK1
phosphorylation sites (Fig. 2C). We generated phospho-specific antibodies against T24, S32
and S59. Using these antibodies, as well as a commercial phospho-specific T9 antibody, we
demonstrated that CDK1 phosphorylates PBK at T9, T24, S32 and S59 /7 vitro and that
addition of RO3306 abolished this phosphorylation (Fig. 2D).

3.3 CDK1 phosphorylates PBK at multiple sites in cells

Next, we sought to examine if the four PBK mitotic phosphorylations occur in cells. Taxol
and nocodazole treatment significantly increased the phosphorylation of T24 on endogenous
PBK in HeLa cells (Fig. 3A). Phospho-antibody incubation with phospho-peptide, but not
the regular peptide, completely blocked the phospho-signal, suggesting that this antibody
specifically detects the phosphorylated form of PBK (Fig. 3A). Likewise, taxol and
nocodazole treatment significantly increased the phosphorylation of T9, S32, and S59 on
endogenous PBK (Fig. 3B). The phospho-signal of PBK T9, T24, S32, and S59 during taxol
treatment was considerably reduced in PBK knockdown cells, further validating the
specificity of these phospho-antibodies (Fig. 3C). Additionally, we further demonstrated that
the phosphorylation of PBK is CDK1-dependent by using CDK1 inhibitors (Fig. 3D, lanes 3
and 4). Taken together, these observations indicate that PBK is phosphorylated by CDK1 at
T9, T24, S32, and S59 in cells during antimitotic drug-induced mitotic arrest.

3.4 CDK1 mediates PBK phosphorylation during mitotic arrest and in normal mitosis

We next performed immunofluorescence microscopy with these phospho-specific antibodies
in HelLa cells. The antibody against p-T24 detected a strong signal in nocodazole-arrested
prometaphase cells (Fig. 4A, white arrows). The signal was scarcely detectable in interphase
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cells (Fig. 4A, yellow arrows). Again, pre-incubation with the phospho-peptide, but not the
control regular peptide, predominantly blocked the signal, suggesting that these antibodies
specifically detect PBK only when it is phosphorylated (Fig. 4A, middle panels). Addition of
the CDK1 inhibitor RO3306 largely reduced the signal detected by the PBK p-T24 antibody
in mitotically arrested cells, once again demonstrating that this phosphorylation of PBK is
CDK1-dependent (Fig. 4A, lower panels).

Subsequently, we utilized a double thymidine block and release method [30] to further
investigate the spatial and temporal dynamics of PBK phosphorylation in HeLa cells during
unperturbed, normal mitosis. This way, we could more accurately determine the phospho-
status of PBK during the different mitotic phases. We found that the p-PBK T24 signal was
readily detectable in prometaphase and peaked in metaphase. The signal deteriorated in
anaphase and was further reduced in telophase and cytokinesis (Fig. 4B, C). We observed
phosphorylation patterns for p-PBK T9, S32, and S59 which were similar to p-PBK T24
when probing lysates taken at 0, 8, 9, 13, and 24 hours after double thymidine block and
release (Fig. 4D). Collectively, these data strongly indicate a dynamic, mitotic
phosphorylation of PBK in cells.

3.5 CRISPR-induced PBK knockout leads to cytokinesis failure and tetraploid

To characterize the impact of PBK on mitotic processes, we generated PBK knockout (KO)
U20S cells using CRISPR/Cas9-nickase (Cas9n) (Fig. 5A). We then performed
immunofluorescence staining, so as to observe which types of mitotic defects may appear.
We found that the PBK KO U20S displayed a marked increase in cells that did not fully
complete cytokinesis when compared to parental U20S (Fig. 5B, C).

We next sought to elucidate the roles the mitotic phosphorylation sites engage in to regulate
cytokinesis. To do this, we re-expressed exogenous wild type (WT) PBK or the PBK T9A
mutant in PBK KO U20S cells (Fig. 5D). It must be noted that we attempted multiple times
to generate both a 3A (T24A/S32A/S59A) and a 4A (T9A/T24A/S32A/S59A) mutant stable
cell lines but were unable to get sufficient expression of either protein, so we proceeded with
characterizing the T9A mutant. As shown earlier, PBK is phosphorylated at T9, T24, S32
and S59 in parental U20S when treated with taxol and, as expected, CRISPR-mediated PBK
KO fully ablates each of these phospho-antibody signals (Fig. 5D, lanes 1-4). Reconstitution
of WT PBK in PBK-null U20S rescues each of these taxol-induced phosphorylations (Fig.
5D, lanes 5 and 6). In contrast, p-T9 PBK signal cannot be detected in PBK-T9A
reconstitution cells, but has no significant effect on phosphorylation at the other additional
three sites (Fig. 5D, lanes 7 and 8). To examine the effects of WT and T9A PBK
reconstitution on the perturbed cytokinesis seen in PBK KO cells, we again performed
immunofluorescence staining. Reconstitution with WT PBK fully rescued the cytokinesis
failure, whereas expression of T9A PBK mutant failed to alter this phenotype found in PBK-
null U20S cells (Fig. 5E), suggesting that mitotic phosphorylation on T9 of PBK is involved
in proper cytokinesis in U20S cells. Since mitotic defects classically lead to genomic
instability, we looked to quantify the ploidy changes resulting from knocking out PBK.
Utilizing flow cytometry, we discovered that the number of tetraploid cells significantly
increased in PBK KO U20S (Fig. 5F). Although WT PBK reconstitution cells had percent-
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tetraploid cells in similar levels to parental U20S, T9A PBK reconstitution cells maintained
the dramatically high ratio of tetraploid to diploid cells found in PBK-null U20S cells (Fig.
5F).

A previous study identified PBK as a downstream target of Hippo/YAP signaling [24], so we
examined total and phospho-YAP levels in parental and PBK KO U20S cells to determine if
loss of PBK would affect the status of YAP. We found no noticeable changes to the total
YAP protein level, nor did we see any changes to phosphorylation levels at S127 (Fig. 5G).
However, we observed a twofold increase of p-S397 of YAP (Fig. 5G). Next, we screened
numerous mitotic and cell-cycle regulators in parental and PBK KO U20S cells to attempt
to identify proteins with altered expression or phosphorylation levels between the two (Fig.
5H). Of the proteins assayed, none were altered, except cyclin E1. Cyclin E1 expression was
found, repeatedly, to be reduced (about 60%) (Fig. 5H). These findings suggest that the
mitotic phosphorylation of PBK at T9 is required for proper mitotic division and for
maintaining genomic stability.

3.6 PBK overexpression leads to epithelial-mesenchymal transition in normal cells

PBK has been identified as an oncogene in many types of cancer, including breast cancer
[7]. Therefore, to determine the biological significance of mitotic phosphorylation of PBK,
we used breast cell lines as a model system. We assessed PBK protein levels in MCF10A (an
immortalized breast epithelial cell line) and various breast cancer cell lines. PBK expression
was very high in most of the cancer cell lines and was barely detectible in MCF10A cells
(Fig. 6A). Next, we stably expressed PBK-WT or PBK-T9A in MCF10A cells. Neither the
overexpression of PBK-WT or PBK-T9A led to changes in either total YAP protein level or
p-YAP S127 (Fig. 6B). Interestingly, PBK-WT and -T9A overexpression in MCF10A led to
changes in epithelial-mesenchymal transition (EMT) markers, with E-cadherin
downregulation and N-cadherin upregulation (Fig. 6C). Accompanying this molecular
change, PBK-WT and PBK-T9A overexpressed MCF10A cells displayed a spindle-shaped
morphology and grew in a more loosely arranged manner compared to the cuboidal shape of
vector control MCF10A cells which grew in organized, compact islets (Fig. 6D).

Both PBK-WT and PBK-T9A MCF10As had significantly increased rates of cell migration
in wound healing assays when compared to vector control, although, no difference was
observed between the two (Fig. 6E, F). Interestingly, overexpression of PBK-WT in
MCF10A led to significantly higher proliferation in comparison to vector control and
surprisingly, PBK-T9A expressing MCF10A cells grew even faster than the PBK-WT
expressing cells (Fig. 6G). Since PBK-null U20S cells which were reconstituted with PBK-
T9A displayed high levels of cytokinesis failure, we examined the effect of overexpressing
PBK-T9A on MCF10A mitotic division. Similarly, immunofluorescence microscopy
revealed that MCF10A cells overexpressing PBK-T9A had a significantly higher percentage
of mitotic cells in anaphase and telophase than did either vector control or PBK-WT
overexpression (Fig. 6H). Taken together, these findings suggest that mitotic
phosphorylation of PBK T9 partially inhibits its oncogenic activity.
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3.7 Mitotic phosphorylation of PBK inhibits its oncogenic activity in cells

We further determined the impact of mitotic phosphorylation of PBK in cancer cells by
attempting to generate a full knockout cell line, but unfortunately were unable to do so,
possibly because a complete loss of PBK activity is lethal in breast cancer; something that
has been shown previously using PBK inhibitors [18]. We did however generate a PBK
mono-allelic knockout (maKO) T47D cell line and used it to overexpress either WT or T9A
PBK (Fig. 7A). With these cell lines we examined PBK’s role in invasion using Matrigel.
Invasion of PBK maKO T47D cells was dramatically reduced when compared to parental
T47D, whereas ectopic expression of PBK-WT rescued this drop in invasiveness (Fig. 7B,
C). Expression of PBK-T9A further increased the invading activity when compared to PBK-
WT (Fig. 7B, C). T47D PBK maKaO cells, having a reduced PBK expression level, possess
much lower migratory activity than do parental T47D cells (Fig. 7D, E). Overexpression of
PBK-T9A increased cell migration to a greater extent when compared to PBK-WT
overexpression (Fig. 7D, E). Interestingly, overexpression of PBK-T9A significantly
increased cell proliferation over that of control and PBK-WT-overexpressing cells,
suggesting that mitotic phosphorylation of PBK can constrain proliferation (Fig. 7F). As
expected, cells partially lacking PBK expression (PBK maKO) proliferated at a rate
significantly slower when compared to control cells (Fig. 7F). Together, our data suggest
that mitotic phosphorylation of PBK inhibits its oncogenic activity in breast cancer cells.

Several groups have described that mitotic phosphorylation at T9 on PBK is required for
PBK’s proper mitotic functionality [2,17,20]. However, little is known regarding the role of
PBK mitotic phosphorylation in cancer related properties. Our studies revealed that mitotic
phosphorylation on T9 is inhibitory on PBK’s oncogenic activity (Figs. 6, 7). Here we
identified three novel mitotic phosphorylation sites on PBK which are regulated by CDK1/
cyclin B, extricating another layer mitotic phospho-regulation of PBK. However, the
function of the other three CDK1 phosphorylation sites (T24, S32, S59) has not been
defined. We discovered that the PBK-3A (T24A/S32A/S59A) and -4A (T9A/3A) mutants
cannot be stably expressed. Utilizing a proteasomal inhibitor, we found that both of these
proteins are being expressed, but are in fact being quickly degraded (data not shown).
Further investigation using individual mutants is needed to determine if one or more of these
sites are important for proper protein folding or if their phosphorylation is required to block
targeting of PBK for proteasomal turnover.

Overexpression of PBK has been associated with increased tumorigenicity and clinical
lethality of various cancers [3,9,10,12,37]. Future experiments are also needed to further
investigate the relationship between the levels of PBK protein and PBK mitotic
phosphorylation in cancer patient samples. Equally important is to identify PBK’s protein
substrate(s) that are essential for cytokinesis and cancer cell survival and proliferation.
Addressing these questions will not only help with understanding the cellular function of
PBK in mitosis, but also provide insights into the underlying mechanisms of PBK
overexpression in cancer development.
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4. Conclusions

In the current study, we demonstrated that the mitotic phosphorylation of PBK on T9 is
involved in proper cytokinesis and inhibits its oncogenic activity in breast cancer cells. We
identified novel phosphorylation sites (T24, S32, S59) on PBK by CDK1 during mitosis.
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Highlights
. PBK kinase is phosphorylated during mitosis
. CDK1 phosphorylates PBK T9, T24, S32, and S59 /n vitro and in vivo
. Mitotic phosphorylation is involved in proper cytokinesis
. Mitotic phosphorylation inhibits PBK oncogenic activity in breast cancer cells
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Figure 1. Phosphorylation of PBK by CDK1 during mitotic arrest
A, Hela cells were treated with DMSQO, taxol (100 nM for 16 h) or nocodazole (100 ng/ml

for 16 h). Total cell lysates were probed with the indicated antibodies on Phos-tag or regular
SDS-polyacrylamide gels. B, HeLa cells were treated with nocodazole as indicated and cell
lysates were further treated with (+) or without (=) A-phosphatase (ppase). Total cell lysates
were probed with anti-PBK antibody. o0 marks a non-specific band. C, HeLa cells were
treated with nocodazole together with or without various kinase inhibitors as indicated.
RO3306 (5 uM), Purvalanol A (10 uM), B12536 (100 nM), VX680 (2 uM), MK2206 (10
uM), SB203580 (10 pM), SB203580 (20 pM), SP600125 (20 uM), U0126 (20 pM), and
SB216763 (10 uM) were used. Inhibitors were added 1.5 h before harvesting the cells (with
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MG132 to prevent cyclin B degradation and consequent mitotic exit). Total cell lysates were
subjected to Western blotting with the indicated antibodies. * marks the two lanes in which
the PBK mobility-shift was inhibited.
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Figure 2. CDK1 phosphorylates PBK in vitro

Page 14

A, in vitrokinase assays with purified CDK1/cyclin B complex and recombinant GST-PBK.
RO3306 (5 uM) was used to inhibit CDK1 kinase activity. B, Conservation of PBK’s mitotic
phosphorylation sites. C, /n vitro kinase assays with purified CDK1/cyclin B complex to

phosphorylate recombinant GST-PBK or GST-PBK-4A. D, /n vitro kinase assays were done

as in (A) except anti-phospho-PBK T9, T24, S32 and S59 antibodies were used.

Cell Signal. Author manuscript; available in PMC 2018 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Page 15

A S o O oo B C Tao - + -+ - +
$§F oS5 ef’¥ SPBK - - #1 #1#2 #
Q ~ Q 1.9 = A3 f P -~
oo p-ToPEK| e
170
85 pT2apEK| e e
p-T24 40 2
PBK P —— l40
lap  p-S32PBK| =
— —- -—
p L40
p-S50FPBK| "
o —— e -
g e -l- -“. 140
PBK — D
Cyclin Bf*~ e —— o
B-actin — 1 Cyclin B —_ -— |55
N Non-ph 2 B-actin
pepide | CRaphr™® Dt 40
D <
B § o 0 ,‘Qb gg § § 5 85?;8 g
o g - B o~ [ wi Q e
o 8 & = &N
§5: §585585855%
b o e Noco - + + + + + ++ + + +
oTo | emam p-TE |~ -y wm)
PBK PBEK
40 40
p-S32| W= pT24| w-- Q.--“J
PBK PBK
S - 140
p-532 -_ — — - - — )
p-ssa| w0 PBK
e l40
l40 p-S5@ L ad — - e G oo e
PEK | W - PBK
l40
TE | o o D Y o -
CydinB -——.55

ey S— T -“‘65

Figure 3. CDK1 phosphorylates PBK in cells
A, Hel a cells were treated with nocodazole or taxol for 16 hours. The T24 phospho-

antibody was incubated for 16 hours at 4°C with either PBS (no peptide), peptide, or
phospo-peptide used for immunizing rabbits, before Western blotting. B, HeLa cells were
treated with nocodazole or taxol for 16 hours before Western blotting was performed with
the indicated antibodies. C, HelLa cells were transfected with scrambled siRNA (control) or
SiRNA against PBK for 48 h and were further treated with (+) or without (=) taxol for 16
hours. The total cell lysates were subjected to Western blotting with the indicated antibodies.
* marks a non-specific band. D, HeLa cells were nocodazole together with or without
various kinase inhibitors as indicated. Inhibitors were added with MG132 (to halt cyclin B
degradation and prevent mitotic exit) for 1.5 h before harvesting the cells. Total cell lysates
were subjected to Western blotting with the indicated antibodies.
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Figure 4. CDK1 phosphorylates PBK in normal mitosis and during mitotic arrest
A, Hel a cells were treated with nocodazole or taxol for 16 hours and then fixed. Before the

cells were immunostained with the T24 phospho-antibody, the antibody was incubated for
16 hours at 4°C with either PBS (ho peptide), peptide, or phospo-peptide. White and yellow
arrows mark some of the metaphase cells and the interphase cells, respectively. B, HeLa
cells were synchronized by the double thymidine block and release method. Cells were
stained with antibodies against p-PBK T24, p-tubulin, and with DAPI. C, A low power (40X
objective) lens was used to view various phases of the cells in a field from (B). D, HeLa
cells were synchronized by a double thymidine block and release method. Total cell lysates
were harvested at the specified time points after release and subjected to Western blotting
analysis with the indicated antibodies.
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Figure 5. Generation and characterization of PBK knockout (KO) U20S cell line
A, Western blot of parental and PBK knockout U20S cell lines. Equal amount of U20S

control and PBK knockout cell lysates were probed with anti-PBK antibody. B, U20S
control and PBK knockout cells were used to quantify the percentage of cells in cytokinesis.
C, Immunofluorescence confocal images showing the difference in the amount of
cytokinesis between the U20S control and PBK knockout cell lines. B-tubulin is shown in
green and nuclei is stained with DAPI (blue). The arrows point to cytokinetic bridges. D,
U20S KO cells were stably transduced with vector, PBK, or PBK-T9A. Total cell lysates
from U20S cell lines which were treated with taxol and probed with the indicated
antibodies. E, The indicated U20S cell lines were used to quantify the percentage of cells in
cytokinesis as in (B). F, The specified U20S cell lines were labeled with P1 and flow
cytometry analysis was performed to determine the percentage of tetra-ploidy cells in the
whole population. G, U20S control and PBK knockout cell whole lysates were probed with
the indicated YAP antibodies. Numbers below the p-S397 YAP blot indicate the
quantification of relative band intensity from three independent experiments. H, U20S
control and PBK knockout cell whole lysates were probed with the indicated cell cycle-
related antibodies. Numbers below the Cyclin E1 blot indicate the quantification of relative
band intensity from three independent experiments. **:p<0.01;***:p<0.001 (t-test).
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Figure 6. Overexpression of PBK elicits EMT in normal cells
A, PBK protein expression in various normal and breast cancer cell lines. B, MCF10A (an

immortalized breast epithelial cell line) cells transduced with vector control, PBK, or PBK-
T9A and probed with the indicated YAP antibodies. C, MCF10A cells transduced with
vector control, PBK, or PBK-T9A and probed with the indicated EMT marker antibodies. D,
10x microscope images displaying the morphology differences between MCF10A vector
control, PBK, and PBK-T9A. E,F Cell migration (wound healing) assays with cell lines
established in (B). G, Cell proliferation assays with cell lines established in (B). H, The cell
lines established in (B) were used to quantify the percentage of cells in anaphase/telophase.
**:p<0.01;***:p<0.001 (t-test).
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Figure 7. Mitotic phosphorylation of PBK inhibits its oncogenic activity in cells
A, Western blot of PBK mono-allelic knockout T47D cell line and transduced PBK and

PBK-T9A cell lines. B, C, Invasion assays with cell lines established in (A). D, E, Cell
migration (wound healing) assays with cell lines established in (A). F, Cell proliferation
assays with cell lines established in (A). *:p<0.05; **:p<0.01; ***:p<0.001 (t-test).

Cell Signal. Author manuscript; available in PMC 2018 November 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Stauffer et al.

Table 1

PBK Guide Sequences

PBK-A-Fwd | caccGAGGCCGGGATATTTATAGT
PBK-A-Rev | aaacACTATAAATATCCCGGCCTC
PBK-B-Fwd | caccGCAGAAGCTTGGCTTTGGTAC
PBK-B-Rev | aaacGTACCAAAGCCAAGCTTCTGC
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