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and Controls an Interactome Switch

Agnieszka T. Kawashima,*? Cassandra Wong,© Gema Lordén,? Charles C. King,® Pablo Lara-Gonzalez, Arshad Desai,f

Anne-Claude Gingras,~9 Alexandra C. Newton?

aDepartment of Pharmacology, University of California, San Diego, California, USA

bBiomedical Sciences Graduate Program, University of California, San Diego, California, USA
cLunenfeld-Tanenbaum Research Institute, Mount Sinai Hospital, Toronto, Ontario, Canada
dDepartment of Molecular Genetics, University of Toronto, Toronto, Ontario, Canada

eDepartment of Pediatrics, University of California, San Diego, California, USA

Department of Cellular and Molecular Medicine, University of California, San Diego, California, USA

ABSTRACT PH domain leucine-rich repeat protein phosphatase 1 (PHLPP1) is a tumor
suppressor that directly dephosphorylates a wide array of substrates, most notably the
prosurvival kinase Akt. However, little is known about the molecular mechanisms gov-
erning PHLPP1 itself. Here, we report that PHLPP1 is dynamically regulated in a cell
cycle-dependent manner and deletion of PHLPP1 results in mitotic delays and increased
rates of chromosomal segregation errors. We show that PHLPP1 is hyperphosphorylated
during mitosis by Cdk1 in a functionally uncharacterized region known as the PHLPP1
N-terminal extension (NTE). A proximity-dependent biotin identification (BiolD) interac-
tion screen revealed that during mitosis, PHLPP1 dissociates from plasma membrane
scaffolds, such as Scribble, by a mechanism that depends on its NTE and gains proximity
to kinetochore and mitotic spindle proteins such as KNL1 and TPX2. Our data are con-
sistent with a model in which phosphorylation of PHLPP1 during mitosis regulates bind-
ing to its mitotic partners and allows accurate progression through mitosis. The finding
that PHLPP1 binds mitotic proteins in a cell cycle- and phosphorylation-dependent man-
ner may have relevance to its tumor-suppressive function.

KEYWORDS PHLPP, Cdk1, mitosis, phosphatase

ynamic changes in protein phosphorylation critically regulate accurate and timely

progression through the cell cycle. Phosphorylation is particularly important dur-
ing mitosis to ensure that the replicated genome is evenly divided between two
daughter cells. Errors in this process can result in aneuploidy, a hallmark of cancer (1).
Phospho-proteomic analyses have identified over 1,000 proteins whose phosphoryla-
tion increases during mitosis, with the majority of sites displaying S/T-P motifs that are
recognized by cyclin-dependent kinases (Cdk) (2, 3). In addition to activation of kinases,
most notably Cdk1 bound to cyclin B, inactivation of protein phosphatases such as pro-
tein phosphatase 2A (PP2A) drives the massive increase in protein phosphorylation.
However, this cellular state of heightened protein phosphorylation is short-lived.
Reactivation of protein phosphatases (4) and activation of the E3 ubiquitin ligase ana-
phase promoting complex (APC/C), which degrades key mitotic proteins such as cyclin
B (5-7), occur during the final stages of mitosis. Phosphorylation of mitotic substrates
by the Cdk1-cyclin B complex has diverse effects, including regulating the localization
(8, 9), activity (10-12), stability (13), and interactome of substrate proteins (14). Given
the massive phosphorylation changes that accompany mitosis (2, 3), it is increasingly
apparent that many other mitotic kinases and phosphatases orchestrate mitotic
responses, and many may do so downstream of Cdk1.
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The PH domain leucine-rich repeat protein phosphatases 1 and 2 (PHLPP1 and
PHLPP2) are emerging as key players opposing context-dependent signaling events
(15). These two family members of the metal-dependent protein phosphatase
(PPM) “shrub” of the phosphatome (16) were originally discovered for their role in
dephosphorylating a key regulatory site on Akt, the hydrophobic motif (Ser473 on
Akt1), to suppress the activity of this oncogenic kinase (17, 18). Supporting a tu-
mor-suppressive role, the PHLPP1 gene locus is frequently deleted in cancer
(19-22), and genetic deletion in a mouse model promotes tumor progression in
both prostate (23) and colorectal cancer (24). While the importance of PHLPP1 sig-
naling in the context of disease has mostly been attributed to its regulation of Akt
and other AGC kinases (25-27), an increasing number of substrates involved in
other biological pathways are being identified. Notably, PHLPP1 suppresses inflam-
matory signaling by dephosphorylating the transcription factor STAT1 (28), controls
receptor tyrosine kinase transcription by suppressing histone phosphorylation (29),
maintains regulatory T-cell development (30), and promotes bone morphogenesis
(31-33). A role in mitosis was recently suggested in a study showing that PHLPP1
dephosphorylates and stabilizes the outer-kinetochore protein SGT1, resulting in
proper kinetochore assembly (34).

PHLPP family members have low catalytic activity, and their scaffolding to protein
substrates is essential for effective downstream signaling. This is achieved through spe-
cific regulatory modules that are part of the same polypeptide as the catalytic phos-
phatase domain, contrasting with most other Ser/Thr phosphatases, whose regulatory
modules are distinct polypeptides. In addition to a catalytic protein phosphatase 2C
(PP2C) phosphatase domain, both PHLPP1 and PHLPP2 have a pleckstrin homology
(PH) domain, multiple leucine-rich repeats (LRRs), and an unstructured C-terminal
extension (CTE) capped by a PDZ binding ligand (15). The main structural difference
between the two family members is a unique, approximately 50-kDa N-terminal exten-
sion (NTE) on PHLPP1 which contains a bipartite arginine-rich nuclear localization sig-
nal (NLS) (28). This region has no known domain homology and is not required for tar-
geting of shared PHLPP targets, such as Akt (17, 18), protein kinase C (PKC) (27), and
ribosomal protein S6 kinase 1 (S6K1) (25). Each of these domains confers specificity
required for substrate targeting. For example, Akt dephosphorylation in cells depends
on an intact PDZ ligand (18), PKC dephosphorylation depends on the PH domain (27),
and STAT1 binding and dephosphorylation require the NTE (28). Additionally, the bind-
ing of PHLPP1 to the plasma membrane scaffold Scribble (Scrib) depends on determi-
nants in the CTE distinct from the PDZ ligand, and this interaction was shown to be
necessary for the dephosphorylation of Akt Ser473 in epithelial cells (35). Identification
of key binding partners to the NTE and CTE have opened up the possibility that these
unstructured and understudied regions of the enzyme play critical roles in regulating
PHLPP1 interactions and localization.

Here, we determined that the PHLPP1 NTE is a substrate of Cdk1 and that the NTE
functions to switch the PHLPP1 protein interaction network during mitosis. Specifically,
we report that endogenous PHLPP1 protein undergoes a distinct and reversible elec-
trophoretic mobility shift in mitotic cells as a result of hyperphosphorylation on the
NTE. Biochemical analysis and phospho-mass spectrometry uncovered 13 previously
undescribed mitotic phospho-sites within the NTE, all exhibiting a minimal Cdk1 recog-
nition motif, S/T-P. In vitro and cellular assays utilizing the Cdk1 inhibitor RO-3306 con-
firmed that the NTE is a Cdk1 substrate. A proximity-dependent biotin identification
(BiolD) screen revealed that the NTE regulates the interactome of PHLPP1 during mito-
sis, dampening PHLPP1 interactions with plasma membrane scaffolds such as Scrib
and promoting interactions with the kinetochore and mitotic spindle assembly pro-
teins. Importantly, mouse embryonic fibroblasts (MEFs) lacking PHLPP1 had increased
errors in chromatin segregation and a mitotic delay phenotype, as assessed by fluores-
cence microscopy. Taken together, these results identify PHLPP1 as a Cdk1 substrate
and a new player in the field of mitotic signaling.
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RESULTS

PHLPP1 phosphorylation is dynamically regulated during the cell cycle. To
determine how PHLPP1 is regulated during the cell cycle, we utilized two different cell
cycle synchronization techniques. RPE1 cells were synchronized using either a double-
thymidine block to enrich for G,/S cells or a thymidine/nocodazole block followed by a
mitotic shake-off to isolate mitotic cells, and PHLPP1 levels were assessed (Fig. 1A). We
observed a substantial electrophoretic mobility shift on PHLPP1 in nocodazole-treated
cells. To determine whether this mobility shift tracked with cellular synchronization
markers, HEK-293A cells were treated with nocodazole for various times and the
PHLPP1 mobility shift, phosphorylation of Cdk1 on Tyr15 (which is dephosphorylated
during mitotic exit), and phosphorylation of histone H3 on Ser10 were monitored (Fig.
1B). PHLPP1 transitioned from a faster-migrating (Fig. 1B, dash) to a slower-migrating
(Fig. 1B, asterisk) species with a half-time of 10 =4 h. These kinetics were similar to
those for Cdkl dephosphorylation (which was half-maximally phosphorylated at
13 =2 h) and histone phosphorylation (half-time of 5= 2 h). These results indicate
that PHLPP1 undergoes an electrophoretic mobility shift as a function of cell cycle
synchronization.

To determine if the mitosis-dependent electrophoretic mobility shift of PHLPP1
resulted from phosphorylation, lysates from nocodazole-treated cells were incubated
with either purified lambda phosphatase (Fig. 1C, lane 5) or buffer only (lane 4) for
30min at 25°C. The shift observed in mitotic cells (Fig. 1C, lane 3) collapsed after
30 min of lambda phosphatase treatment (lane 5), indicating that the mobility shift
resulted from phosphorylation. When asynchronous cells (Fig. 1C, lanes 1 and 2) were
treated with lambda phosphatase (lane 2), a faster-mobility species was also observed,
demonstrating that PHLPP1 is phosphorylated under basal conditions.

We next addressed whether the phosphorylation was reversed during mitotic exit.
RPE1 cells were synchronized in mitosis using a thymidine/nocodazole block, followed
by a mitotic shake-off (Fig. 1D). Mitotic cells were collected, washed, and released into
nocodazole-free medium, allowing cells to resume and exit mitosis. Cyclin B1, which is
degraded during mitotic exit, and Cdk1 Tyr15 phosphorylation, which occurs during
mitotic exit, were analyzed to track mitotic progression. Exit from mitosis was accom-
panied by dephosphorylation of PHLPP1, assessed by the increase in electrophoretic
mobility, with the appearance of the dephosphorylated species correlating with the
increase in mitotic exit markers. Thus, PHLPP1 is reversibly phosphorylated during the
cell cycle.

Western blotting revealed changes in endogenous PHLPP1 protein signal at differ-
ent points in the cell cycle. Specifically, cells synchronized at mitosis had higher levels
of PHLPP1 signal than asynchronous cells (Fig. 1A, lane 1) and thymidine-blocked cells
(lane 2). Cells released from a nocodazole-induced mitotic block had decreasing levels
of PHLPP1 protein signal (Fig. 1D, lanes 2 to 5). The changes in protein signal could
indicate either that protein expression itself is dynamically regulated during the cell
cycle or that the epitope for the PHLPP1 antibody may be better exposed when
PHLPP1 is phosphorylated. Probing for overexpressed hemagglutinin (HA)-tagged
PHLPP1 with an anti-HA antibody did not result in a large difference in signal between
asynchronous and mitotic cells (Fig. 2B), which could reflect the latter possibility. Thus,
our data suggest that PHLPP1 is dynamically regulated during the cell cycle at the
posttranslational level.

Mitotic PHLPP1 phosphorylation occurs at the PHLPP1 NTE. To elucidate which
region of PHLPP1 is phosphorylated during mitosis, truncated PHLPP1 mutants were
expressed in asynchronous and mitotic Hela cells (Fig. 2A). While full-length (FL)
PHLPP1 exhibited a mobility shift following nocodazole treatment, a construct lacking
the N-terminal extension (ANTE) did not (Fig. 2B). Additionally, the NTE alone had a
mobility shift when expressed in nocodazole-treated cells. Endogenous PHLPP2 (the
other PHLPP family member), which lacks the NTE that is present on PHLPP1, does not
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FIG 1 PHLPP1 phosphorylation is cell cycle dependent. (A) Western blot of RPE1 cells treated with either
DMSO (asynchronous), double-thymidine block (G,/S), or thymidine/nocodazole block (M). Western blots are

(Continued on next page)
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shift during mitosis (Fig. 2B), further suggesting that the NTE mediates the mitosis-
induced electrophoretic mobility shift of PHLPP1.

We utilized phospho-mass spectrometry to determine which residues in the NTE
are phosphorylated during mitosis. HelLa cells expressing FLAG-tagged NTE were
treated with dimethyl sulfoxide (DMSO) or nocodazole, purified, and resolved on an
SDS-PAGE gel (Fig. 2C). The faster-mobility species, corresponding to the unphospho-
rylated NTE, was excised from the DMSO-treated condition (Fig. 2D, lane 1 [dash]), and
the slower-mobility species was excised from the nocodazole-treated condition (Fig.
2D, lane 2 [asterisk]). Gel slices were digested with trypsin and analyzed by ultra-high-
pressure liquid chromatography (UPLC) coupled with tandem mass spectrometry (MS/
MS) to identify phosphorylated peptides (see Data Set S1 in the supplemental mate-
rial). A mitotic enrichment score was calculated by dividing the total spectral counts of
the nocodazole-treated sample by that of the DMSO-treated samples for each phos-
phorylated residue. This analysis revealed that 13 residues had a =3-fold increase in
spectral counts of phosphorylated peptides in the nocodazole-treated cells compared
to the DMSO control, while two residues, Ser50 and Thr56, were phosphorylated to
similar levels in both samples (Fig. 2E). Additionally, the residues modified were
grouped in clusters rather than evenly spread out along the NTE (Fig. 2F). These clus-
ters also appeared in regions of the NTE that are predicted to be intrinsically disor-
dered (Fig. 2G). Intrinsic disorder prediction was completed by analysis of the PHLPP1
amino acid sequence using the IUPRED2 long disorder prediction tool using the
default parameters (36).

To determine if the phosphorylated residues identified via mass spectrometry
account for the PHLPP1 mobility shift observed during mitosis, mitotic phosphoryla-
tion site mutants were expressed in asynchronous and mitotic Hela cells. Specifically,
we mutated these Ser/Thr residues (Ser317, Ser321, Ser323, Ser324, Ser335, Ser336,
Ser345, Thr409, Ser411, Ser412, Ser425, Ser450, and Thr451), as well as several nearby
Ser residues that could function as compensatory phosphorylation sites (Ser313,
Ser347, Ser349, Ser351, Ser353, and Ser355), to Ala both in the NTE alone (Fig. 2H) and
in full-length PHLPP1 (Fig. 2I). Nocodazole treatment resulted in a mobility shift of
wild-type NTE (Fig. 2H, lane 4, asterisk) but not of the mutated NTE construct (lane 6),
indicating that phosphorylation of these residues mediates the mobility shift. Mutated
full-length PHLPP1 (Fig. 2I, lane 6) also did not undergo the large mobility shift of wild-
type PHLPP1 (lane 4); however, it did undergo an intermediate shift potentially result-
ing from compensatory phosphorylation sites that are present outside the NTE. These
data reveal that PHLPP1 is hyperphosphorylated at the NTE following nocodazole
treatment.

The PHLPP1 NTE is a substrate of Cdk1. Almost all of the identified phosphoryla-
tion sites in the NTE occur on serine or threonine residues followed by a proline, the
motif for a proline-directed kinase such as Cdk1, the master regulator of mitosis (37).
Additionally, two of the residues, Ser450 and Thr451, are part of a canonical consensus

FIG 1 Legend (Continued)

representative of four independent experiments. Lanes in the blot that were irrelevant to this experiment
were removed (indicated by the dashed line). (B) Western blot of HEK-293A cells treated with nocodazole
(100 ng/ml) for indicated amounts of time. Graphs show the quantification of three independent experiments
for PHLPP1 and Cdkl and two independent experiments for H3. Values are the ratio of the signal of
phosphorylated protein to total protein (relative units) = SEM. For PHLPP1, the ratio was calculated as the
signal of the slower-mobility species (*) divided by the total PHLPP1 signal (* and -) normalized to the 18-h
time point. For Cdk1, the ratio was calculated as the Cdkl pY15 signal divided by the total Cdk1 signal
normalized to the 6-h time point. For H3, the ratio was calculated as the signal of the H3 pS10 divided by
total H3 signal normalized to the 18-h time point. Data analysis was performed using GraphPad Prism 8. (C)
Lysates from asynchronous (lanes 1 and 2) or nocodazole-treated (lanes 3, 4, and 5) HEK-293A cells were
incubated at 25°C with or without A phosphatase (ppase) for indicated amounts of time. All blots are probed
against endogenous proteins. Three independent experiments were performed. (D) Western blot of mitotic
RPET cells that were collected, washed, and released from a thymidine/nocodazole block. Western blots are
representative of three independent experiments. The asterisk shows the PHLPP1 electrophoretic mobility
shift compared to faster-mobility species (dash).
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motif for Cdk1, S/T-P-X-R/K, and previous studies have illustrated that Cdk1 can target
a minimal sequence of S/T-P (38, 39). To determine if the PHLPP1 NTE is a Cdk1 sub-
strate, we incubated FLAG-tagged PHLPP1 NTE, purified from asynchronous HEK-293T
cells, with recombinant Cdk1-cyclin B1 and ATP. This resulted in an electrophoretic mo-
bility shift of the NTE as assessed by Western blotting (Fig. 3A). Rather than accumulat-
ing all upper (asterisk) or all lower bands (dash), we observed a number of intermedi-
ate bands, supporting the multiple sites identified by mass spectrometry. Additionally,
samples resolved on a PhosTag gel displayed several bands, further suggesting multi-
ple phosphorylated residues (Fig. 3B). Treatment of the FLAG-NTE with lambda phos-
phatase resulted in a collapse of the slower-migrating species to a species migrating
faster than untreated PHLPP1 (circle), likely reflecting basal phosphorylation on the
Ser50 and Thr56 residues identified by mass spectrometry (Fig. 3A, lane 1).

We next employed a pharmacological approach to determine whether Cdk1 cata-
lyzes the phosphorylation of PHLPP1 in cells. Treatment of mitotic HelLa cells with the
Cdk1 active-site inhibitor RO-3306 for 30 min prior to lysis resulted in collapse of the
endogenous PHLPP1 mobility shift (Fig. 3C, lane 3). Since mitogen-activated protein ki-
nases (MAPK) also show a preference for substrates with the S/T-P motif, mitotic HelLa
cells were incubated with inhibitors against the 3 subfamilies of MAPKs, specifically
extracellular signal-regulated kinase (ERK), p38, and c-Jun N-terminal kinase (JNK) (Fig.
3C, lanes 4 to 6). None of these treatment conditions resulted in a collapse of the
faster-mobility (phosphorylated) PHLPP1 species. Furthermore, a collapse was not
observed when cells were treated with inhibitors against other mitotic kinases (Fig.
3D), specifically Aurora kinase A/B (Fig. 3D, lane 5) or Polo-like kinase 1/3 (lane 6). To
determine whether this mobility shift could be induced in nonmitotic cells (when Cdk1
is not fully active), asynchronous cells were treated with the phosphatase inhibitor
calyculin A (Fig. 3D, lane 2) for 30 min prior to lysis in order to preserve any transient
phosphorylation events. Although phosphatase inhibition resulted in a small electro-
phoretic mobility shift, this species of PHLPP1 migrated below that of the hyperphos-
phorylated PHLPP1 observed in nocodazole-treated cells. These data reveal that Cdk1
activation is necessary for the hyperphosphorylation of PHLPP1 that results in a robust
mobility shift.

Nocodazole treatment induces changes to the PHLPP1 interactome. As mitotic
phosphorylation events induce changes in protein-protein interactions (40), we
hypothesized that the phosphorylation of the PHLPP1 NTE could alter the PHLPP1
interactome. To determine the differences in PHLPP1 protein-protein interactions
between DMSO- and nocodazole-treated cells, we performed a proximity-dependent
biotin identification (BiolD) screen (41). A mutated form of the Escherichia coli biotin
ligase BirA R118G (BirA*) (42) and a 3xFLAG tag were fused to the N terminus of full-

FIG 2 Legend (Continued)

(amino acids 1 to 512 [NTE]). (B) Western blot of DMSO- or nocodazole-treated HelLa cells overexpressing
HA-tagged constructs from panel A using an anti-HA antibody. Samples were also analyzed for endogenous
PHLPP2 wusing an anti-PHLPP2 antibody. (C) Schematic of experimental design for phospho-mass
spectrometry. (D) FLAG-PHLPP1 NTE purified from DMSO or nocodazole-treated Hela cells separated by
SDS-PAGE (left, Coomassie blue staining; right, Western blot using FLAG antibody). (E) Table summarizing
phospho-mass spectrometry results. The mitotic enrichment score was calculated as follows: (spectral
COUNtS, o ouazore)/[1 + (spectral  counts,yeo)l. (F) Schematic of mitotic phosphorylation sites (underlined)
detected in the PHLPP1 NTE (proximal proline residues in red). (G) (Top) Diagram of PHLPP1 protein
structure with mitotic phosphorylation clusters indicated. (Bottom) Predictions of intrinsic disorder tendency
of PHLPP1 by IUPred2A long disorder (36). Scores above 0.5 (dotted line) indicate disordered regions. (H)
Western blot of DMSO or nocodazole-treated Hela cells overexpressing either an empty vector, HA-NTE
wild type (WT NTE), or the HA-NTE containing Ser/Thr-to-Ala mutations at the mitotic phosphorylation sites
identified in panel F (Mut. NTE) using an anti-HA antibody. Samples were also analyzed for endogenous
cyclin B1 and Cdk1 pY15. These data are representative of three independent experiments. (I) Western blot
of DMSO or nocodazole-treated Hela cells overexpressing either an empty vector, full-length HA-PHLPP1
wild type (WT FL), or full-length HA-PHLPP1 containing Ser/Thr-to-Ala mutations at the mitotic
phosphorylation sites identified in panel F (Mut. FL) using an anti-HA antibody. Samples were also analyzed
for endogenous cyclin B1 and Cdk1 pY15. These data are representative of three independent experiments.
Asterisks indicate PHLPP1 electrophoretic mobility shift compared to faster-mobility species (dash).
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FIG 3 Cdk1 phosphorylates PHLPP1 NTE during mitosis. (A) In vitro phosphorylation of FLAG-tagged PHLPP1 NTE with
recombinant Cdk1-cyclin BT (0.01 ug/ul). Purified NTE was incubated with either A phosphatase (lane 1) or
recombinant Cdk1-cyclin B1 (lanes 2 to 7) at 37°C for the indicated times. PHLPP1 NTE mobility shift was evaluated by
Western blotting using an anti-FLAG antibody. GST-cyclin B1 and HIS-Cdk1 were probed by antibodies against cyclin
B1 and Cdk1, respectively. (B) Purified NTE treated with recombinant Cdk1-cyclin B1 (0.02 ug/ul) was probed by an
anti-FLAG antibody on an SDS-PAGE (top) or PhosTag (bottom) gel. (C) HelLa cells expressing HA-tagged PHLPP1 (full
length) were treated with nocodazole (100 ng/ml for 16 h), followed by the following kinase inhibitors for 30 min prior
to lysis: RO-3306 (Cdk1 inhibitor; 9 uM), UO-126 (MEK1/MEK2 inhibitor; 10 uM), SB203580 (p38 inhibitor; 10 uM), or
JNK-IN-8 (JNK inhibitor; 5uM). Asynchronous cells were treated with DMSO for 30 min prior to lysis. Triton-soluble
lysates were subjected to Western blot analysis and probed for HA-PHLPP1. (D) Hela cells were treated with
nocodazole (100 ng/ml for 16 h), followed by various mitotic kinase inhibitors for 30 min prior to lysis as indicated: RO-
3306 (Cdk1 inhibitor; 9 uM), ZM-447439 (Aurora A/B inhibitor; 2 uM), and GW843682X (Polo-like kinase 1/3 inhibitor;
1 uM). Asynchronous cells were treated with the phosphatase inhibitor calyculin A (100 nM) for 30 min prior to lysis.
Triton-soluble lysates were subjected to Western blotting and probed for endogenous PHLPP1. (E) List of inhibitors
used in panels C and D. Asterisks indicate PHLPP1 electrophoretic mobility shift compared to faster-mobility species
(dashes). The open circle indicates PHLPP1 species after phosphatase treatment.

length (FL) or truncated (ANTE) PHLPP1 and stably integrated into the tetracycline-in-
ducible Flp-In T-REx Hela cell system (Fig. 4A). As a negative control to determine
background biotinylation, a cell line expressing just the BirA*-3xFLAG tag was gener-
ated. Cells were treated with tetracycline to induce expression of BirA*-3xFLAG fusion
proteins and then either DMSO to obtain asynchronous cells or thymidine/nocodazole
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FIG 4 BiolD screen to determine changes in the mitotic PHLPP1 interactome. (A) Tetracycline-inducible Flp-IN T-REx
HelLa cells expressing the following constructs were generated: full-length PHLPP1 (amino acids 1 to 1717 [FL]) and N-
terminally truncated PHLPP1 (amino acids 513 to 1717 [ANTE]), fused with BirA* biotin ligase (R118G mutation) and a
3xFLAG tag. Additionally, cells expressing only the BirA*-3xFLAG tag were generated (BirA*). (B) BiolD experimental
workflow. (C) Western blot of BirA*-3xFLAG-PHLPP1 FL Flp-In T-REx Hela cells treated or not treated with nocodazole.
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to block cells in mitosis (Fig. 4B). When lysates from cells expressing BirA*-3xFLAG-
PHLPP1 (FL) were resolved on an SDS-PAGE gel and probed with an anti-FLAG anti-
body, a mobility shift of the construct was observed. Thus, fusion of BirA*-3xFLAG to
PHLPP1 did not appear to prevent hyperphosphorylation of the NTE (Fig. 4C).

After synchronization, biotin was added to cells 12 h prior to harvest to allow for
biotinylation of proteins proximal to the BirA*-3xFLAG-PHLPP1 fusion proteins.
Following cell lysis, biotinylated proteins were purified using streptavidin-conjugated
beads and analyzed by nano-high-pressure liquid chromatography (nano-HPLC) coupled
to mass spectrometry. The data set was analyzed using the computational tool
SAINTexpress (43) to define high-confidence proximity interactions and visualized by a dot
plot (Fig. 4D to H; also, see Data Set S2). A number of previously identified PHLPP1-inter-
acting proteins, such as Scrib (35, 44), USP1 (45-47), WDR48 (47-49), WDR20 (50), and
SGT1 (gene name SUGTT) (34, 51), were identified in the BiolD screen, indicative of the abil-
ity of this screen to identify known PHLPP1 interactors. To assess the PHLPP1 mitotic inter-
actome, we determined which prey had a =2-fold increase in nocodazole-treated cells
compared to DMSO-treated cells (Fig. 4E). Gene ontology (GO) analysis using g:Profiler (52)
revealed an enrichment of proteins found at mitotic spindles, such as TPX2, tubulin
(TUBA1A, TUBA4A, and TUBB4B), and kinesins (KIF23, KIF5B, and KIF15). Additionally, sev-
eral kinetochore proteins, namely, Bub1B, Knl1, Spindly (SPDL1), and CENP-F, were iden-
tified, suggesting that PHLPP1 is in close proximity to a number of key mitotic signaling
scaffolds. We also assessed which potential interactions were decreased =2-fold in noco-
dazole-treated compared to DMSO-treated cells (Fig. 4F). GO analysis identified an
enrichment for prey involved in regulation of cell-cell anchoring junctions, such as Scrib,
Dlg5, and cortactin (CTTN), and proteins involved in amino acid transport across the
plasma membrane, such as 4F2hc (SL3A2), LAT1 (SLC7A5), and ASCT2 (SLC1AS5). These
data indicate that during interphase, PHLPP1 is in proximity to scaffolds at the plasma
membrane, but mitosis disrupts these interactions, allowing PHLPP1 to switch binding
partners and relocalize to key mitotic signaling complexes.

We next asked whether the NTE plays a role in this interactome change, consider-
ing that it is heavily modified during mitosis. To answer this question, we determined
which prey displayed either a =2-fold enrichment or =2-fold depletion in nocoda-
zole-treated cells expressing the ANTE construct compared to cells expressing full-
length PHLPP1 (Fig. 4G). We observed that NTE deletion enhanced the interaction
with proteins localized to the plasma membrane, such as Scrib, DIlg5, and 4F2hc
(SLC3A2), and decreased the interaction with mitotic spindle proteins, such as tubu-
lin (TUBA1A, TUBA4A, and TUBB4B) and dynein (DYNC1H1). These data suggest that
the NTE is critical in releasing PHLPP1 from its plasma membrane-associated interac-
tions. Furthermore, deletion of the NTE under basal conditions resulted in enhanced
pulldown of plasma membrane-associated proteins (Fig. 4H), revealing that the NTE
plays a general role in regulating PHLPP1 protein-protein interactions and localiza-
tion outside mitosis.

Immortalized Phipp1—/~ mouse embryonic fibroblasts exhibit increased rates
of mitotic defects compared to wild-type cells. Since the BiolD data suggested that
PHLPP1 could be in proximity to mitotic signaling hubs, we hypothesized that PHLPP1
may function to regulate mitosis. To initially determine if PHLPP1 activity is required to
maintain mitotic fidelity, we asked if the deletion of PHLPP1 resulted in any obvious

FIG 4 Legend (Continued)

The blot was probed with an anti-FLAG antibody. (D) Legend for BiolD dot plot analysis, where AvgSpec refers to
averaged spectral counts across the biological duplicates (BFDR, false discovery rate). (E and F) Dot plots of prey that
display either a =2-fold enrichment in nocodazole-treated (mitotic) versus DMSO-treated (asynchronous) cells
expressing full-length (FL) PHLPP1 (E) or =2-fold enrichment in DMSO-treated (asynchronous) versus nocodazole-
treated (mitotic) cells expressing FL PHLPP1 (F). (G) Dot plot of prey that display =2-fold enrichment or =2-fold
depletion in nocodazole-treated ANTE cells compared to nocodazole-treated FL PHLPP1-expressing cells. (H) Dot plot
of prey that display =2-fold enrichment or =2-fold depletion in DMSO-treated ANTE cells compared to FL cells.
Boldface type and asterisks indicate previously identified PHLPP1-interacting proteins. The asterisk in panel C indicates

PHLPP1 electrophoretic mobility shift compared to faster-mobility species (dash).
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FIG 5 Phlpp1~/~ MEFs exhibit defects in mitosis. (A and B) Time-lapse fluorescence microscopy to
determine mitotic duration in (A) Phlpp1*/* (WT) and (B) Phlpp1~/~ (KO) MEFs stably expressing
mRFP-tagged H2B. The time when each frame was captured is noted in minutes and seconds,
where 0:00 was set as the first frame indicating nuclear envelope breakdown (NEBD). The single
asterisk indicates NEBD, and the double asterisks indicate the beginning of anaphase. (C to E)
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mitotic defects. We performed live-cell imaging of Phlpp1~/~ (knockout [KO]) and
Phlpp1+/* (wild-type [WTI]) MEFs stably expressing a monomeric red fluorescent pro-
tein (mRFP)-tagged histone H2B to visualize chromatin dynamics during mitosis.
Mitotic cells were scored on four individual parameters: (i) mitotic duration from nu-
clear envelope breakdown (NEBD) to anaphase (Fig. 5A and B), (ii) evidence of lagging
chromosomes during anaphase (Fig. 5C), (iii) multipolar spindle formation (Fig. 5D),
and (iv) anaphase bridge formation (Fig. 5E). While no significant difference was
observed between WT and KO MEFs in the percentage of cells forming multipolar spin-
dles (5% = 2% versus 2% =+ 1%, respectively [Fig. 5H]) or anaphase bridges (5% * 2%
versus 2% = 1%, respectively [Fig. 51]), lagging chromosomes were more prevalent in
the KO MEFs than the WT MEFs (54% = 2% versus 32% = 4%, respectively [Fig. 5G]).
Additionally, these lagging chromosomes can often form micronuclei, small extranu-
clear bodies containing chromatin that are a marker of genomic instability (53). DAPI
(4',6-diamidino-2-phenylindole) staining revealed that micronuclei were observed
more frequently in KO than WT MEFs (19% = 1% versus 8.6% * 0.7%, respectively [Fig.
5J]). Live-cell imaging revealed that Phlpp1—/~ MEFs spent an increased amount of
time between NEBD and anaphase (43 min = 1 min versus 34 min = 1 min, respectively
[Fig. 5A, B, and F]), suggesting that a mitotic delay occurs in these cells.

To further explore the effect of PHLPP1 loss on the cell cycle, we performed flow
cytometry on propidium iodide-stained WT and Phlpp1~~ MEFs to determine DNA
content. A higher percentage of cells were in Go/M in the Phlpp1~/~ MEFs than in WT
cells (33% =+ 1% versus 20% =+ 1%, respectively [Fig. 6]), complementing the results of
the live-cell imaging experiments. Thus, cells lacking PHLPP1 exhibit subtle but meas-
urable mitotic defects that could result in mitotic delays. Whether these defects result
from the mitotic function of the PHLPP1 NTE remains to be elucidated.

DISCUSSION

Here, we identify the tumor suppressor phosphatase PHLPP1 as a component of
the intricate machinery that maintains accuracy during the cell cycle, with its loss caus-
ing errors in cell division (Fig. 7). We show that PHLPP1 is a substrate for Cdk1, the mas-
ter regulator of mitosis. Studies in vitro and in cells reveal that Cdk1 phosphorylates
PHLPP1 at multiple S/T-P sites on the NTE as cells enter mitosis and that this region of
the protein determines the cellular interactome of the phosphatase. The finding that
PHLPP1 is involved in cell cycle regulation unveils a new player to oppose the plethora
of phosphorylation events associated with cell division.

The phosphorylation of PHLPP1 by Cdk1 as cells enter mitosis suggests that the
phosphatase may be one of the mitotic targets of Cdk1, whose activity is necessary for
faithful cell division. Proper and timely activation of Cdk1 is essential for the accurate
completion of cell division; deletion of the gene encoding Cdk1 results in early embry-
onic lethality in mice (54, 55), and expression of a Cdk1 lacking inhibitory phosphoryla-
tion sites (Thr14Ala/Tyr15Ala) in adult mice results in DNA damage and eventual death
(55). Furthermore, increased Cdk1 expression and activity are associated with cancer
progression and poor prognosis (56-60). Complete inhibition of Cdk1 by the active-
site inhibitor RO-3306 arrests cells at the G,/M transition (61), while partial inhibition
results in mitotic delays and errors in chromatin segregation, in turn resulting in forma-
tion of micronuclei (62, 63). The finding that cells lacking PHLPP1, which we establish
as a Cdk1 substrate, display mitotic delays and increased chromatin segregation errors

FIG 5 Legend (Continued)

Representative images (from KO MEFs) of mitotic defects scored in WT and KO MEFs for lagging
chromosomes (arrows) (C), multipolar spindle formation (D), and anaphase bridge formation (arrows) (E).
Bars (A to E), 10 um. (F to I) Quantification of parameters in panels A to E of WT (185 cells) and KO (211
cells) MEFs. Three clonal lines were imaged and analyzed separately; results were then averaged and used
to calculate the SEM. Values are means * SEM. **, P<<0.005; ns, not significant (Student's t test). (J)
Representative image of DAPI-stained WT and KO MEFs. Arrows indicate cells containing micronuclei.
Quantification of micronucleus-containing WT (n=4,925) and KO (n=5,302) cells from four independent
experiments. Bars, 20 um. Values are means = SEM. **, P << 0.005 (Student's t test).

March 2021 Volume 41 Issue 3 e00333-20

Molecular and Cellular Biology

mcb.asm.org

12


https://mcb.asm.org

Mitotic Regulation of PHLPP1 Phosphatase

Phipp1++ MEFs (WT) Phipp 1" MEFs (KO)

2n 2n

s 600 o 800

(0] [0

€ €
600 |

S 400 S 4n

E 4n E 400

© ©

200
O Ol
0 f T T T T 0 T T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000

FL2-A: DNA Content FL2-A: DNA Content

Percent of cells

60
45

30

Molecular and Cellular Biology

oGH

oS mG2/M

i

WT

KO

FIG 6 Cell cycle profile of WT and Philpp1~/~ MEFs. Ethanol fixed WT or Phlpp1~/~ MEFs were treated with RNase, stained with propidium iodide, and
analyzed by flow cytometry to determine their cell cycle profile. To determine the percentage of cells at various stages of the cell cycle (G,, S, or G,/M),
DNA content (2n versus 4n) was assessed. The graph shows the percentage of cells in each phase of the cell cycle. Values are means = SEM. Data are

averages from four experiments performed independently.

identifies the phosphatase as one of the downstream targets of Cdk1 whose phospho-
rylation ensures mitotic fidelity.

Cdk1 phosphorylates the relatively understudied PHLPP1 NTE. This region of the
protein accounts for almost 20% of the entire polypeptide (residues 1 to 512 out of
1,717) and is predicted to be intrinsically disordered and unstructured, a desirable at-
tribute for a potential kinase suitor. A recent study also identified a nuclear localization
signal (NLS) within the PHLPP1 NTE (28). Interestingly, PHLPP2 lacks this NTE and does
not undergo the dramatic electrophoretic mobility shift observed for PHLPP1. Both
biochemical and mass spectrometry results indicate that the NTE is phosphorylated at
multiple sites by Cdk1 during mitotic entry and that the phosphorylated species is
removed during mitotic exit, either by dephosphorylation or degradation of the phos-
pho-protein. Our data do not elucidate whether Cdk1 actively discriminates which sites
it phosphorylates or the stoichiometry of the phosphorylation, but given the large
electrophoretic mobility shift and detection of intermediate species, many sites are
modified per molecule.

Of the 13 sites identified, only one (Thr451) adheres to the optimal Cdk1 consensus
sequence of S/T-P-X-K/R (38, 39). Mutation of these 13 sites to alanine, a residue that
cannot be phosphorylated, abolishes the electrophoretic mobility shift, validating the
mass spectrometry results. Our data suggest that this phosphorylation event is specific
to Cdk1, as inhibiting other mitotic kinases (Aurora A/B, Polo-like kinase 1/3) or other

Plasma membrane

V.
Survival

FIG 7 Proposed model. During interphase, cytoplasmic unphosphorylated PHLPP1 functions to regulate
substrates such as Akt (left). PHLPP1 is in close proximity to membrane-associated scaffolds such as
Scrib. Upon entry into mitosis, the PHLPP1 NTE is hyperphosphorylated by Cdk1 (right). Additionally, a
diminished interaction with Scrib and an enhanced interaction with mitotic scaffolds are observed.
Deletion of PHLPP1 results in mitotic defects, suggesting that this pathway is important for
proper mitotic progression.
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proline-directed kinases (ERK, p38, and JNK) did not result in a reduction of PHLPP1
phosphorylation. Interestingly, the phosphorylated residues are roughly clustered in
two regions (residues 317 to 345 and 409 to 451), consistent with reports that many
Cdk1 substrates are phosphorylated multiple times in clusters within regions predicted
to be intrinsically disordered (64). Furthermore, these clusters are reported to occur in
large numbers at rapidly evolving regions rather than on conserved residues (64), sug-
gesting that the degree of phosphorylation of a substrate could be more significant
than the specific sites phosphorylated. Whether these phosphorylation events on the
NTE, which contains an NLS, regulate nuclear PHLPP1 is an intriguing possibility.
Namely, does this phosphorylation event occur before the breakdown of the nuclear
envelope, and if so, does it function to alter localization of nuclear PHLPP1? These data
identify the unique NTE of PHLPP1 as a phosphorylation switch that coordinates with
the cell cycle.

BiolD analysis identified large changes in the interactome of PHLPP1 through its
NTE and, through changes observed upon nocodazole treatment, the phosphorylation
state of the NTE. For this analysis, we created stable cell lines encoding only one copy
of BirA*-FLAG-tagged PHLPP1 (or a construct lacking the NTE). While this preliminary
screen provides a wealth of potential targets to further explore, they await further vali-
dation using techniques such as coimmunoprecipitation or proximity ligation assays to
better characterize these potential interactions. In the BiolD screen, plasma mem-
brane-associated functions, such as amino acid transport and regulation of cell-cell
anchoring junctions, were the primary proteins identified in proximity to full-length
PHLPP1. Several of the identified proteins are known Cdk1 substrates, including filamin
A (FLNA) (65), plectin (PLEC) (66), and cortactin (CTTN) (67). It is of note that several
known PHLPP1 binding partners, including Scrib, USP1, WDR48, WDR20, and SGT1
(gene name SUGTT), were identified as hits in this screen. Deletion of the NTE resulted
in enrichment of these proteins in the screen, suggesting that the NTE functions to
preclude interactions with other protein partners. This includes Scrib as well as WDR48
(48), another established target that interacts with the CTE of PHLPP1. These data sug-
gest that the NTE functions to reversibly shield the CTE and other binding determi-
nants from potential binding partners. It is not currently known if the other targets in
this set of known PHLPP1 interactors, namely, USP1, WDR20, and SGT1, also interact
with PHLPP1 through the CTE. If they do, it would strengthen the finding that the NTE
functions to regulate protein interactions with the CTE. Conversely, deletion of the NTE
abolished the interaction with another set of proteins, notably mitotic spindle proteins
such as TUBATA. Thus, the NTE controls the PHLPP1 interactome.

The Cdk1-mediated phosphorylation of PHLPP1 during mitosis may provide a
mechanism to control the reversible shielding of binding determinants on PHLPP1.
Consistent with this, BiolD revealed that association with Scrib and WDR48 was
reduced in cells expressing full-length BirA*-FLAG-PHLPP1 during mitosis (where a
phosphorylated NTE is present) compared to nonmitotic cells (unphosphorylated NTE).
Furthermore, pulldown of Scrib and WDR48 during mitosis was restored if the trun-
cated form of PHLPP1 (ANTE) was expressed. Thus, the reversible regulation of binding
partners mediated by phosphorylation of the NTE may be an important regulatory
mechanism that defines PHLPP1 signaling.

Our finding that PHLPP1 KO MEFs exhibit mitotic delays and have increased mitotic
errors resulting in formation of micronuclei compared to WT MEFs suggests that
PHLPP1 plays a role in maintaining mitotic fidelity. Whether these defects are attrib-
uted to the inability for PHLPP1 to localize and function properly via the NTE is an
open question. A recent study reported that knockdown of PHLPP1 in Hela cells
results in an increased rate of abnormal spindle formation and centrosomal defects
(34), supporting the possibility that loss of PHLPP1 directly affects centrosomal matura-
tion and spindle formation. Our BiolD screen identified several targets that are in a
complex with the mitotic kinase Aurora A, a known regulator of mitotic spindle matu-
ration. These proteins included TPX2, Ch-TOG/XMAP215 (CKAP5), KIF11, and HURP
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(DLGAP5) (68). Importantly, increased spectral counts of these targets were observed
in nocodazole-treated cells compared to untreated cells, suggesting a potential
increase in colocalization of PHLPP1 with these targets. Whether PHLPP1 regulates
Aurora A kinase activity to maintain mitotic fidelity is a question that has yet to be
explored. PHLPP1 was also observed to be proximal to multiple outer kinetochore-
associated proteins, such as Bub1B, Knl1, Spindly (SPDL1), and CENP-F. Since the kinet-
ochore functions as the bridge between microtubule spindle fibers and chromosomes
during mitosis (69), its proper formation and function are critical for accurate and
timely chromatin segregation (70). Whether PHLPP1 directly interacts with, and regu-
lates, these kinetochore proteins during mitosis awaits further experimentation. Thus,
this BiolD screen has opened up several potential avenues to better understand the
role of PHLPP1 in mitosis and why its loss would result in an increase in mitotic errors.

Another mechanism that could explain the mitotic defect phenotype observed in
the PHLPP1 KO MEFs is through PHLPP1-dependent regulation of Akt activity. Several
studies have shown that Akt is active during mitosis and that activation of Akt can
override the G,/M checkpoint, even in the presence of DNA damage (71-73).
Furthermore, Akt inhibition can result in abnormal spindle formation (74). The release
of PHLPP1 from the Scrib scaffold during mitosis could provide a potential mechanism
for how Akt activity is increased during mitosis. Tethering of PHLPP1 to Scrib allows
better access to Akt (35), so its release from the scaffold would be expected to enhance
Akt activity during mitosis indirectly by removing PHLPP1 from its substrate. Whether
the phosphorylations on the NTE additionally alter the catalytic phosphatase activity of
PHLPP1 by allosteric mechanisms has yet to be determined. Taken together, our data
are consistent with a model in which Cdk1 phosphorylates the NTE of PHLPP1, induc-
ing a conformational change that releases PHLPP1 from plasma membrane-bound sub-
strates and unmasks determinants that promote binding to centrosomal proteins.

The identification of PHLPP1 as a novel mitotic phosphatase unveils novel insight
into how PHLPP1 functions as a tumor suppressor, as errors in mitosis can result in an-
euploidy, a hallmark of cancer. Thus, in addition to its previously characterized func-
tions of suppressing signaling pathways, it plays a role in the fundamental process of
cell division. Furthermore, the identification of the unstructured NTE as a key regulator
of the PHLPP1 interactome suggests that allosteric modulators have the potential to
control deregulated PHLPP1 signaling in disease. Our findings provide a new lens
through which to view PHLPP1 function during cancer.

MATERIALS AND METHODS

Materials and antibodies. The pharmacological reagents used in this study include biotin (BB0078;
BioBasic), calyculin A (9902; Cell Signaling), GW843682X (sc-203202; Santa Cruz Biotechnology), JNK-IN-8
(HY-13319; MedChemExpress), RO-3306 (270-463; Enzo Life Sciences), SB203580 (559389; Calbiochem),
tetracycline (TB0504; BioBasic), UO-126 (662005; Calbiochem), and ZM-447439 (sc-200696; Santa Cruz
Biotechnology). The pCDNA3-HA-tagged PHLPP1 construct was described previously (75). The pCDNA3-
HA-tagged PHLPP1 N-terminal extension (NTE) construct was described previously (28). The pCDNA3-
HA-tagged PHLPP1 ANTE construct was described previously (17). The PHLPP1 NTE was subcloned into
the pCMV-3XFLAG vector (E4401; Sigma-Aldrich). The pCDNA3-HA-tagged PHLPP1 mitotic phosphoryla-
tion site mutant was generated by synthesizing a transgene of the NTE (amino acid residues 1 to 512)
containing Ser/Thr-to-Ala mutations at mitotic phosphorylation sites (Ser50, Ser317, Ser321, Ser323,
Ser324, Ser335, Ser336, Ser345, Thr409, Ser411, Ser412, Ser425, Ser450, and Thr451), as well as Ser-to-Ala
mutations of nearby Ser residues that could function as compensating phosphorylation sites (Ser313,
Ser347, Ser349, Ser351, Ser353, and Ser355). This transgene was then subcloned into either the
PCDNA3-HA-PHLPP1 (full-length) vector or the pCDNA3-HA-NTE vector, and sequences were verified.
Full-length PHLPP1 and the PHLPP1 NTE were subcloned via Gateway cloning (Thermo Fisher Scientific)
into pDEST 5’ BirA*-FLAG pcDNA5 FRT TO (76). All DNA plasmid transfections were done using Effectene
(301425; Qiagen), following the manufacturer’s instructions. Antibodies used in this study include Cdk1
(cdc2) total (77055; Cell Signaling), Cdk1 (cdc2) pY15 (9111; Cell Signaling), cyclin B1 (4138; Cell
Signaling), ERK1/2 pT202/pY204 (9101; Cell Signaling), FLAG M2 (F3165; Sigma-Aldrich), H3 total (39163;
Active Motif), H3 pS10 (39253; Active Motif), HA clone 3F10 (11867423001; Roche), Hsp90 (610418; BD
Transductions), JNK pT183/Y185 (9251; Cell Signaling), p38 pT180/Y182 (9216; Cell Signaling), PHLPP1
(22789-1-AP; Proteintech), PHLPP2 (A300-661A; Bethyl Laboratories), tubulin (T6074; Sigma-Aldrich), and
vinculin (13901; Cell Signaling).

Cell culture. MEFs from WT or Phlpp1~/~ mice stably expressing shp53 and green fluorescent pro-
tein (GFP) were a kind gift from the group of Lloyd Trotman (Cold Spring Harbor Laboratory [CSHL]) and
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were described previously (23). MEFs, HeLa cells (ATCC), HEK-293T cells, and HEK-293A cells (a kind gift
from the lab of Kun-Liang Guan, University of California, San Diego [UCSD]) were grown in Dulbecco’s
modified Eagle medium (DMEM; 10-013-CV; Corning), and RPE1 cells (a kind gift from the lab of Karen
Oegema, UCSD) were grown in DMEM-Ham'’s F-12 50/50 mix (10-092-CV; Corning). All cell lines were
supplemented with 10% fetal bovine serum (S11150; Atlanta Biologicals) and 1% penicillin-strepto-
mycin (15140-122; Gibco) and cultured at 37°C in 5% (vol/vol) CO,. Cells were periodically tested
for Mycoplasma contamination using a PCR-based protocol (77) and showed no evidence of
contamination.

Cell cycle synchronization. To block cells in G,/S, a double-thymidine block was used. Thymidine
(T9250; Sigma-Aldrich) was added to cells to a final concentration of 2mM for 24 h. Thymidine-contain-
ing medium was then removed, and cells were washed four times with PBS and incubated with fresh
medium for 8 h, after which thymidine was added to cells to a final concentration of 2mM for 16 h, after
which cells were lysed. To block cells in mitosis, a thymidine/nocodazole block was used. Following a
single thymidine block, cells were washed and incubated in fresh medium for 3 h, followed by the addi-
tion of nocodazole (2190; Cell Signaling) to a final concentration of 50 ng/ml (RPE1 cells) or 100 ng/ml
(HEK-293A and Hela cells). After 16 h, mitotic cells were harvested by a mitotic shake-off. For mitotic
release experiments, mitotic cells were pooled by mitotic shake-off, centrifuged at 150 x g for 3 min, and
then resuspended in 10 ml phosphate-buffered saline (PBS). This step was repeated three times to
ensure removal of nocodazole-containing medium. Cells were then resuspended in fresh growth me-
dium, replated, and lysed at various time points.

Cell lysis and Western blotting. Cells were lysed in buffer containing 20 mM Tris (pH 7.5), 150 mM
NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM Na,VO,, 1 mM di-
thiothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 M microcystin, 20 uM benzamidine,
and 40 ug/ml leupeptin and sonicated briefly. Following a 10-min incubation at 4°C, lysates were centri-
fuged, and soluble fractions were separated on SDS-PAGE gels or PhosTag gels containing 100 uM
PhosTag reagent (a kind gift from the lab of Dario Alessi, University of Dundee) and 100 uM MnCl,, fol-
lowed by transfer to polyvinylidene difluoride (PVDF) membranes (Bio-Rad). Membranes were blocked
with 5% milk for 1 h at room temperature and analyzed by immunoblotting with specific antibodies.
Detection and quantification of Western blots was conducted by chemiluminescence on a FluorChem Q
imaging system (ProteinSimple).

Lambda phosphatase assay. Cells were lysed in buffer containing 20 mM Tris (pH 7.5), 150 mM NadCl,
1% Triton X-100, 1 mM DTT, T mM PMSF, 20 «M benzamidine, and 40 n.g/ml leupeptin. Following a 10-min
incubation at 4°C, lysates were centrifuged, and soluble fractions were incubated with 1x NEBuffer for pro-
tein metallophosphatases (PMP), 1 mM MnCl,, and either 1 ul (400 U) lambda phosphatase (P0753; NEB)
or 1 ul NEBuffer for PMP. Samples were incubated at room temperature for 30 min, after which reactions
were terminated by the addition of protein sample buffer containing 250 mM Tris-HCI, 8% (wt/vol) SDS,
40% (vol/vol) glycerol, 80 g/ml bromophenol blue, and 2.86 M B-mercaptoethanol.

FLAG-PHLPP1 NTE purification for phospho-mass spectrometry. pCMV-3XFLAG-PHLPP1-NTE was
transfected into HelLa cells using Effectene. Medium was replaced 24 h later with fresh medium contain-
ing either 100 ng/ml nocodazole or DMSO for 16 h, after which cells were lysed in a buffer containing
20 mM Tris (pH 7.5), 150 mM NaCl, T mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophos-
phate, 1 mM Na,VO,, 1 mM DTT, 1 mM PMSF, 1 mM microcystin, 20 mM benzamidine, and 40 mg/ml leu-
peptin. The detergent-solubilized cell lysates were incubated with anti-FLAG M2 affinity gel (30 ml per
plate; A2220; Sigma-Aldrich) for 1 h at 4°C, washed four times in lysis buffer, and then eluted using pro-
tein sample buffer. Eluted samples were analyzed by Western blotting to determine the presence of the
FLAG epitope. The remainder of the samples were separated on an 8% SDS-PAGE gel. Following staining
with Coomassie blue, relevant bands were excised from the gel and processed further for phospho-mass
spectrometry.

Phospho-mass spectrometry of PHLPP1 NTE. For in-gel digests, colloidal Coomassie gel slices
were washed three times with 100mM ammonium bicarbonate in 5 to 15% acetonitrile (ACN) for
15 min. The gel pieces were dried in a SpeedVac and subsequently reduced by mixing with 10 mM DTT
in 100 MM ammonium bicarbonate at 56°C for 30 min. Gel pieces were dehydrated by incubation with
55 mM iodoacetamide in 100 mM ammonium bicarbonate, followed by increasing concentrations of ace-
tonitrile—-100 mM ammonium bicarbonate (50%, 75%, and 95%). For digestion, samples were incubated
with trypsin (0.01 wg/ul) in 700 MM ammonium bicarbonate at 37°C overnight. Peptides were extracted
twice by addition of 50 ul 0.2% formic acid and 65% ACN and vortexed at room temperature for 30 min.
The supernatant was dried in a SpeedVac, after which a total of 50 ul 50% ACN-0.2% formic acid was
added to the sample, followed by a 30-min vortexing at room temperature.

Trypsin-digested peptides were subsequently analyzed by ultra-high-pressure liquid chromatogra-
phy (UPLC) coupled with tandem mass spectroscopy (LC-MS/MS) using nanospray ionization. The nano-
spray ionization experiments were performed using a TripleTOF 5600 hybrid mass spectrometer (AB
SCIEX) interfaced with nanoscale reverse-phase UPLC (nanoACQUITY system; Waters Corporation) using
a 20- to 75-um ID glass capillary )packed with 2.5-um C,, (130-A) CSH beads (186007038; Waters
Corporation) Peptides were eluted from the C,; column into the mass spectrometer using a linear gradi-
ent (5% to 80%) of ACN at a flow rate of 250 ul/min for 1 h. The buffers used to create the ACN gradient
were buffer A (98% H,0, 2% ACN, 0.1% formic acid, and 0.005% trifluoroacetic acid [TFA]) and buffer B
(100% ACN, 0.1% formic acid, and 0.005% TFA). MS/MS data were acquired in a data-dependent manner
in which the MS1 data were acquired for 250 ms at m/z of 400 to 1,250 Da and the MS/MS data were
acquired at m/z of 50 to 2,000 Da. The independent data acquisition (IDA) parameters were as follows;
MS1-TOF (time of flight) acquisition time of 250 ms, followed by 50 MS2 events of 48 ms acquisition time
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for each event. The threshold to trigger the MS2 event was set to 150 counts when the ion had the
charge state +2, +3, and +4. The ion exclusion time was set to 4 s.

The collected data were analyzed using Protein Pilot 5.0 (AB SCIEX) for peptide identifications. MS/MS
spectra were searched against only human PHLPP1 (UniProtKB accession no. 060346 [PHLPP1_HUMAN]).
Database parameters were set to allow 1 missed cleavage site per peptide with a mass tolerance
of £10 ppm, a maximum charge of 4+, and a minimum allowed peptide length of 6 amino acids. The fol-
lowing variable modifications were selected for: acetylation, amidation, carbamidomethylation, carboxyla-
tion, deamidation, dehydration, demethylation, formylation, formylation, oxidation, phosphorylation, and
sodium adducts. Search parameters were set based on all possible posttranslationally modified peptides
generated for this specific protein. To determine mitotic enrichment, the number of peptides identified
that include the phosphorylated residue were counted (total spectral counts). The following formula was
used to calculate the mitotic enrichment: (spectral counts , oq.,00)/[1 + (spectral countsy,so)l. Any phos-
phorylated residue with an enrichment score of =3 was designated a mitotic phosphorylation. Data analy-
sis and scoring parameters can be found in Data Set S1 in the supplemental material.

Intrinsic disorder prediction. To predict regions of intrinsic disorder in the PHLPP1 amino acid
sequence, IUPred2A prediction software was used (https://iupred2a.elte.hu/) (36). The full-length
PHLPP1 amino acid sequence was queried using the IUPred2 long disorder setting.

In vitro Cdk1 kinase assay. pCMV-3XFLAG-PHLPP1-NTE was transfected into HEK-293T cells using
Effectene. Cells were collected 72 h posttransfection and lysed in a buffer containing 20 mM Tris (pH
7.5), 150 mM NaCl, T mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5mM sodium pyrophosphate, 1 mM
Na,VO,, 1 mM DTT, TmM PMSF, 1 mM microcystin, 20 mM benzamidine, and 40 mg/ml leupeptin. The
detergent-solubilized cell lysates were incubated with anti-FLAG M2 affinity gel (30 ml per plate; A2220;
Sigma-Aldrich) for 1 h at 4°C and washed four times in lysis buffer. FLAG-tagged NTE was eluted from
the beads for 1 h at 4°C in a buffer containing 0.5 mg/ml 3xFLAG peptide (F4799; Sigma), 50 mM HEPES
(pH 7.4), 100 mM NaCl, 1 mM DTT, 0.01% Igepal, and 10% glycerol. Samples were centrifuged, and the
eluate was transferred to a new tube. Protein concentration and purity were measured by Bradford assay
(5000006; Bio-Rad) and SDS-PAGE. Each reaction mixture contained 2 wg/ml purified FLAG-NTE, 0.01 ng/
| recombinant human Cdk1-cyclin B1 (14-450; EMD Millipore), and 1 mM ATP in a buffer containing
50 mM Tris-HCI (pH 7.5), 10 mM MgCl,, 0.1 mM EDTA, 2 mM DTT, and 0.01% Brij 35 (NEBuffer for protein
kinases; B6022; NEB). Samples were incubated at 30°C for various times, and reactions were terminated
by the addition of protein sample buffer, followed by Western blot analysis.

BiolD. (i) Cell line generation and cell cycle synchronization. BirA*-FLAG constructs were gener-
ated via Gateway cloning (Thermo Fisher Scientific) into pDEST 5’ BirA*-FLAG pcDNAS5 FRT TO and used to
generate stable cell lines in Hela Flp-In T-REx cell pools, as described in reference 76. To obtain a mitotic
population, cells were plated on a 150-mm plate and treated with thymidine (2 mM final concentration) and
tetracycline (1 wg/ml final concentration) to induce expression of BirA*-tagged proteins. After 24 h, cells
were washed twice with PBS and incubated in cell culture medium containing tetracycline (1 xg/ml final
concentration). After 3 h, nocodazole (100 ng/ul final concentration) was added to the cells. After 4 h, biotin
was added to the cells at a final concentration of 50 M. Cells were harvested 12 h later. For asynchronous
cells, the same treatment protocol was used, but the addition of thymidine and nocodazole was omitted.

(ii) Streptavidin affinity purification and data acquisition. Cell pellets were resuspended in a 1:4
ratio of pellet weight to radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCI [pH 7.5], 150 mM
NaCl, 1% NP-40, 1 mM EGTA, 4.5 mM MgCl, and 0.4% SDS) supplemented with Benzonase (250 U/mi;
E1014; Sigma-Aldrich) and 1x protease inhibitor cocktail (P8340; Sigma-Aldrich). Cells were lysed by one
freeze-thaw cycle and then gently agitated on a nutating mixer at 4°C for 30 min, followed by centrifuga-
tion at 16,000 x g for 20 min at 4°C. The supernatant was transferred to 1.5-ml microcentrifuge tubes,
and 25 ul of 60% streptavidin-Sepharose bead slurry (17-5113-01; GE Healthcare) was added. Following
overnight incubation at 4°C with rocking, beads were washed with 2% SDS buffer (2% SDS, 50 mM Tris [pH
7.5]), twice with RIPA buffer, and three times with 50 mM ammonium bicarbonate, pH 8.0 (ABC). After re-
moval of the last wash solution, beads were resuspended in 50 mM ABC (100 wl) with 1 g of trypsin (T6567;
Sigma-Aldrich) and rocked at 37°C for 4 h. Then, an additional 1 ug of trypsin (in 2 ul of 50 MM ABC) was
added to each sample, and samples were incubated at 37°C with rocking overnight. Beads were centrifuged
at 500 x g for Tmin, and the supernatant (pooled peptides) was transferred to a new tube. Beads were
rinsed with MS-grade H,O (100 wl), and the rinse solution was combined with the pooled peptide sample.
Formic acid (10%) was added to the supernatant to a final concentration of 2%. The pooled supernatant was
centrifuged at 16,000 x g for 5 min to pellet remaining beads. A 230-ul portion of the pooled supernatant
was transferred to a new 1.5-ml microcentrifuge tube, and samples were dried using a vacuum concentrator.
Tryptic peptides were resuspended in 10 ul of 5% formic acid, and 2.5 ul was used for each analysis.

Peptides were analyzed by nano high-pressure liquid chromatography (nano-HPLC) coupled to MS.
Nanospray emitters were generated from fused silica capillary tubing (100-um internal diameter, 365-
pm outer diameter) using a laser puller (Sutter Instrument Co. model P-2000; heat =280, filament=0,
velocity = 18, delay = 2,000). Nanospray emitters were packed with C,, reverse-phase material (Reprosil-
Pur 120 C,;-AQ; 3 um) in methanol using a pressure injection cell. A 5-ul portion of sample (2.5 ul of
each sample with 3.5 ul of 5% formic acid) was directly loaded at 800 nl/min for 20 min onto a 100-um
by 15-cm nanospray emitter. Peptides were eluted from the column with an acetonitrile gradient gener-
ated by an Eksigent ekspert nanoLC 425 system and analyzed on a TripleTOF6600 instrument (AB SCIEX,
Concord, Ontario, Canada). The gradient was delivered at 400 nl/min from 2% acetonitrile with 0.1% for-
mic acid to 35% acetonitrile with 0.1% formic acid using a linear gradient of 90 min. This was followed
by a 15-min wash with 80% acetonitrile with 0.1% formic acid and equilibration for another 15 min to
2% acetonitrile with 0.1% formic acid, resulting in a total of 120 min for the data-dependent acquisition
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(DDA) protocol. The first MS1 scan had an accumulation time of 250 ms within a mass range of 400 to
1,800 Da. This was followed by 10 MS/MS scans of the top 10 peptides identified in the first DDA scan,
with an accumulation time of 100 ms for each MS/MS scan. Each candidate ion was required to have a
charge state from 2 to 5 and a minimum threshold of 300 cps, isolated using a window of 50 mDa.
Previously analyzed candidate ions were dynamically excluded for 7s.

(iii) MS data analysis. Mass spectrometry data generated were stored, searched, and analyzed using
ProHits laboratory information management system (LIMS) platform (78). Within ProHits, WIFF files were
converted to an MGF format using the WIFF2ZMGF converter and to a mzML format using ProteoWizard
(V3.0.10702) and the AB SCIEX MS data converter (V1.3 beta). The DDA data were then searched using
Mascot (V2.3.02) (79) and Comet (V2016.01 rev.2) (80). The spectra were searched with the human
and adenovirus sequences in the RefSeq database (version 57, 30 January 2013) acquired from NCBI,
supplemented with “common contaminants” from the Max Planck Institute (http://maxquant.org) and
the Global Proteome Machine (GPM; ftp:/ftp.thegpm.org/fasta/cRAP/crap.fasta), forward and reverse
sequences (labeled gi|9999 or DECOY), sequence tags (BirA, glutathione S-transferase 26 [GST26],
mCherry, and GFP), and streptavidin, for a total of 72,481 entries. Database parameters were set to
search for tryptic cleavages, allowing up to 2 missed cleavage sites per peptide with a mass tolerance of
35 ppm for precursors with charges of 2+ to 4+ and a tolerance of 0.15 amu for fragment ions. Variable
modifications were selected for deamidated asparagine and glutamine and for oxidized methionine.
Results from each search engine were analyzed through TPP (the Trans-Proteomic Pipeline, v.4.7, POLAR
VORTEX rev 1) via the iProphet pipeline (81). Data analysis can be found in Data Set S2.

(iv) SAINT analysis. SAINTexpress (version 3.6.1) was used as a statistical tool to calculate the proba-
bility of potential protein-protein interactions from background contaminants using default parameters
(43). SAINT analysis was performed using two biological replicates per bait for DDA. Four negative-con-
trol experiments were used for the SAINT analysis: 2 biological replicates each of empty-3xFLAG and
empty-BirA*FLAG stable cell lines, treated with DMSO. Controls were not compressed, and two unique
peptide ions and a minimum iProphet probability of 0.99 were required for protein identification. SAINT
probabilities were calculated independently for each sample, averaged (AvgP) across biological repli-
cates, and reported as the final SAINT score. Only SAINT scores with a false discovery rate (FDR) of =1%
were considered high-confidence protein interactions. Data were visualized using ProHitz-viz (82). Data
analysis can be found in Data Set S2.

Time-lapse imaging of H2B-mRFP-expressing MEFs. WT or Phipp1~/~ KO MEFs stably expressing
H2B-mRFP were generated using lentivirus. Briefly, HEK-293T cells were transfected with H2B-mRFP
cloned into the pCDH-EF1 vector (a kind gift from the lab of Karen Oegema, UCSD), as described in refer-
ence 83, and the packaging plasmids psPAX2 (12260; Addgene) and pMD2.G (12259; Addgene), using
Fugene 6 (E2691; Promega). Forty-eight hours after transfection, virus-containing culture was added to
WT and KO MEFs along with 8 ug/ml Polybrene. Fluorescence-activated cell sorting (FACS) of RFP-
expressing cells was performed to isolate single clones to generate clonal lines. One day prior to imag-
ing, cells were plated in 8-well u-slides (80826; Ibidi). Time-lapse imaging was performed on a deconvo-
lution microscope (DeltaVision Elite; Applied Precision) equipped with a charge-coupled device camera
(pco.edge 5.5 SCMOS; PCO) and a 60x 1.42 numerical aperture (NA) PlanApo N objective (Olympus). z-
stacks (5 by 5 um) without binning were acquired at 2 min 30 s intervals over a 14-h period using an
environmental control chamber set to 37°C in 5% (vol/vol) CO,. For mRFP-tagged H2B, 5% illumination
intensity and 50 ms exposure were used. Images were analyzed using ImageJ (NIH) and scored on four
separate parameters: (i) time (in minutes) from nuclear envelope breakdown (NEBD) to anaphase, (ii)
percentage of mitotic cells exhibiting chromatin segregation errors, (iii) percentage of mitotic cells
exhibiting multipolar spindle formation, and (iv) percentage of mitotic cells that formed an anaphase
bridge. For both the WT and KO MEFs, three clonal lines were imaged and analyzed separately, and the
results from each analysis were combined to calculate an average and standard error of the mean (SEM).
Statistical significance was determined using Student's t test.

Micronucleus quantification. WT and Phlpp1~/~ KO MEFs were plated on glass coverslips in a 6-
well plate. Medium was removed 24 h after plating, and cells were washed with PBS, stained, and fixed
with DAPI (10236276001; Roche) diluted in 100% methanol (1-wg/ml final concentration) for 15 min at
37°C. Cover slips with methanol-fixed cells were washed with PBS, and images were acquired on a Zeiss
Axiovert 200M microscope (Carl Zeiss Microimaging Inc.) using an iXon Ultra 888 electron-multiplying
charge-coupled device (EMCCD) camera (Andor) controlled by MetaFluor software (Molecular Devices).
Imaging analysis was performed on ImageJ software (NIH). For each slide, multiple fields of view were
quantified. The number of cells with micronuclei were divided by the total number of cells counted, gen-
erating the percentage of cells with micronuclei. Data over three separate experiments were averaged,
and SEM were calculated. Statistical significance was determined using Student's t test.

Cell cycle analysis by flow cytometry. WT and Phipp1~/~ KO MEFs were cultured at low confluence
in 10-cm? plates (100,000 cells/plate). As a separate control, a pool of WT and Phlpp1~~ KO MEFs were
serum starved for 48 h to arrest cells in G,. The following day, cells were trypsinized and collected by
centrifugation (200 x g, 8 min, 4°C). Cells were then washed with PBS and centrifuged (200 x g, 8 min, 4°
Q), followed by fixation with 70% (vol/vol) cold ethanol with gentle vortexing to ensure proper fixation
of the cells and to minimize aggregation. Following 48 h of incubation in 70% ethanol at 4°C, fixed cells
were centrifuged (200 x g, 8 min, 4°C), washed with PBS, and treated with RNase (100 wg/ml) for 30 min
at 37°C. Cells were washed with PBS to remove RNase, centrifuged, resuspended in PBS containing pro-
pidium iodide (50 wg/ml; P3566; Thermo Scientific), and incubated for 1h at room temperature in the
dark prior to running samples on a FACSCalibur (BD) 4-color, dual-laser benchtop flow cytometer. Data
were analyzed with FlowJo software (BD) using the Watson pragmatic approach (84).
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Data availability. The BiolD data have been deposited as a complete submission in the MassIVE
repository (https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp) and assigned accession number
MSV000085628. The ProteomeXchange accession number is PXD020003 (http://www.proteomexchange
.org).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, XLSX file, 0.1 MB.
SUPPLEMENTAL FILE 2, XLSX file, 1.3 MB.
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