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phosphorylation.

in hyper-proliferative diseases.

(Bacl(ground: Tpppl regulates microtubule dynamics and cell growth.
Results: Tpppl-mediated inhibition of the G,/S-phase and the mitosis to G,-phase transitions are relieved by Rock and Cdk1

Conclusion: Cell cycle-dependent Tpppl phosphorylation regulates cell proliferation.
Significance: The newly discovered role of Tppp1 and its regulatory pathways in cell growth might have important implications
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Tubulin polymerization promoting protein 1 (Tpppl) regu-
lates microtubule (MT) dynamics via promoting MT polymeri-
zation and inhibiting histone deacetylase 6 (Hdac6) activity to
increase MT acetylation. Our results reveal that as a conse-
quence, Tpppl1 inhibits cell proliferation by delaying the G,/S-
phase and the mitosis to G;-phase transitions. We show that
phosphorylation of Tppp1 by Rho-associated coiled-coil kinase
(Rock) prevents its Hdac6 inhibitory activity to enable cells to
enter S-phase. Whereas, our analysis of the role of Tppp1 during
mitosis revealed that inhibition of its MT polymerizing and
Hdac6 regulatory activities were necessary for cells to re-enter
the G,-phase. During this investigation, we also discovered that
Tpppl is a novel Cyclin B/Cdk1 (cyclin-dependent kinase) sub-
strate and that Cdk phosphorylation of Tpppl1 inhibits its MT
polymerizing activity. Overall, our results show that dual Rock
and Cdk phosphorylation of Tppp1 inhibits its regulation of the
cell cycle to increase cell proliferation.

Cell proliferation is a complex physiological process, which
involves the concerted activation of multiple signaling path-
ways in response to intra- and extracellular cues. During cell
proliferation, the microtubule (MT)® network undergoes a
dynamic reorganization, such as assembly of the mitotic spin-
dle that provides the structural framework for the morpholog-
ical changes necessary for cells to progress through the cell-
cycle phases, to generate daughter cells.

* This work was supported in part by grants from the National Health and
Medical Research Council (NHMRC), the Australian Research Council (ARC),
the Cancer Council of Victoria, and the Victorian Government’s Opera-
tional Infrastructure Support Program.

' Recipient of an Australian Postgraduate Award.

2 Supported by a Fellowship from the NHMRC. To whom correspondence
should be addressed: 9 Princes St., Fitzroy, Victoria 3065, Australia. Tel.:
61-3-9288-2480; Fax: 61-3-9416-2676; E-mail: obernard@svi.edu.au.

3 The abbreviations used are: MT, microtubule; Tppp1, tubulin polymeriza-
tion promoting protein 1; Hdacé, histone deacetylase 6; Cdk, cyclin-depen-
dent kinase; Rb, retinoblastoma; PI, propidium iodide.

MARCH 15,2013 +VOLUME 288+NUMBER 11

A large number of proteins are dedicated to the regulation of
the MT network. Tubulin polymerization promoting protein 1
(Tpppl) is a unique regulatory protein that modulates MT
dynamics in two ways. First, it binds to tubulin heterodimers
and promotes their incorporation into the growing microtu-
bule filaments (1). Second, it binds to histone deacetylase 6
(Hdac6), a major MT deacetylase, and inhibits its activity lead-
ing to increased MT acetylation, a polymer stabilizing modifi-
cation (2, 3). Our recent study established that Rock-mediated
phosphorylation of Tppp1 inhibits its interaction with Hdac6
resulting in decreased MT acetylation in cells without altering
Tpppl-mediated MT polymerization (4). Tppp1 is highly phos-
phorylated in cells on residues distinct from the Rock-mediated
sites raising the possibility that its MT polymerizing activity is
regulated by other kinases and signaling pathways (5-10).

Hdac6 is a class IIb atypical deacetylase that cleaves the acetyl
groups of lysine 40 (Lys-40) within a-tubulin. Recent reports
demonstrated that MT acetylation is important for the regula-
tion of cell proliferation. Hdac6-null mouse embryonic fibro-
blasts exhibit high MT acetylation that promotes their resis-
tance to oncogenic Ras and ErbB2 transformation (11).
Additionally, knockdown of Hdac6 in a number of cancer cell
lines inhibits their anchorage-independent proliferation (11).
Furthermore, overexpression of the tumor suppressor gene
cylindromatosis, which inhibits Hdac6 activity, causes delays in
the cell cycle (12). Conversely, overexpression of Hdac6 pro-
motes anchorage-independent cell proliferation (11). Because
Tpppl is a regulator of Hdac6 activity, these previous studies
imply its potential role in cell proliferation.

Other important regulators of cell proliferation are the
cyclin-dependent kinases (Cdks). They are key cell cycle regu-
latory molecules that are activated transiently through binding
to their complementary cyclins. Mitogenic stimulation during
G, -phase leads to increased Cyclin D levels, which then interact
with Cdk4 or Cdké to promote their activation (13, 14). Cyclin
D/Cdk4/6-mediated phosphorylation of the retinoblastoma
protein (Rb) results in its dissociation from Hdac and alleviates
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its inhibitory effect on the E2F transcription factor. This par-
tially activates E2F-mediated transcriptional up-regulation of
genes including cyclin E, cyclin A, and Cdkl1. Increased cyclin E
levels in cells promotes the formation and activation of the
Cyclin E/Cdk2 complex at late G;-phase to drive cells into
S-phase (15). Subsequent Cyclin A/Cdk2 and then Cyclin
A/Cdkl complex formation promotes the progression of cells
through S- and G,-phases, respectively (16, 17). Finally, Cyclin
B/Cdk1 complex formation is essential for progression through
mitosis (18).

In this study, we investigated the role of Tpppl in the regu-
lation of cell proliferation. We hypothesized that Tpppl regu-
lates the transition of cells through the G,/S-phase and mitosis
via its inhibition of Hdac6 activity as well as its modulation of
MT polymerization. Furthermore, we explored possible mech-
anisms for Tppp1 regulation that have important consequences
in cell proliferation. We show here that Rock- and Cdk-medi-
ated phosphorylation of Tppp1 control cell cycle progression
and cell proliferation.

EXPERIMENTAL PROCEDURES

Plasmid Constructs—pGEX4T1-GST-Tpppl, pBABE-
FLAG-Tpppl (2), pBABE-Flag-Tppp1°*, and pBABE-FLAG-
Tpppl®“™ (4) constructs were generated as previously
described. Single pGEX4T1-GST-Tpppl T14A, S18A, S45A,
and S160A mutants were generated by site-directed mutagen-
esis (4) using the following primers: T14A, 5'-GCCAACAGG-
GCGCCCCCCAAG-3'; S18A, 5'-CGCCCCCCAAGGCCCC-
GGGGGAC-3'; S45A, 5'-GCAGCCGCAGCCCCTGAGCTC-
3'; S160A, 5'-AAGCCATCTCGGCGCCCACAGTG-3" and
antisense 5'-TGGCAGCTTTGGCAGGCTTG-3'. cDNA con-
taining the quadruple Tpppl mutations as well as the dual
Rock/Cdk phospho-site mutations were synthesized by
Geneart (Invitrogen) and cloned into the BamHI and Sall
restriction sites of pGEX4T1-GST-Tpppl and/or pBABE-
FLAG-Tpppl.

Tissue Culture—Stable U20S cell lines were generated by
viral transduction and selection in DMEM supplemented with
10% FBS and puromycin (4 ug/ml) as previously described (4).
Cells were treated with Y-27632 (10 uM, water solvent; Calbi-
ochem), roscovitine (10 M, dimethyl sulfoxide solvent; Sigma),
or their solvents for 16 h prior to analyses. For synchronization,
cells were arrested in G,/G,-phase by incubation in DMEM
supplemented with 0.2% FBS for 72 h; in S-phase by double
thymidine block (2 mu; Sigma) for two 18-h incubations per-
formed before and after a 9-h recovery; and G,/M-phase by a
16-h incubation with nocodazole (200 ng/ml; Sigma).

Cell Proliferation—Cell proliferation assays were conducted
in a 6-well plate format. Cells were seeded at a density of 2 X 10°
cells/well 24 h prior to trypsinization and resuspension in
DMEM supplemented with 10% FBS. Total cell counts were
performed with a hemacytometer and a light microscope.
Three fields of each sample were counted. Proliferation results
were analyzed by two-way analysis of variance, with a Bonfer-
roni’s post-test.

Propidium lodide Staining—Cells were trypsinized and fixed
in 70% (v/v) ethanol overnight at 4 °C. They were washed three
times in PBS and incubated in the dark with propidium iodide
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(PI) staining buffer (10 mm Tris-HCI, pH 7.5, 5 mm MgCl,, 20
png/ml of RNase A, and 5 pg/ml of PI) for 30 min at 37 °C. For
experiments analyzing the recovery of cells from a G,/M-phase
arrest, cells were treated with nocodazole (200 ng/ml) for 16 h.
After treatment, mitotic cells were harvested by shaking the
flask (mitotic shake-off) and re-plated for the indicated time
points followed by collection of the suspension and adherent
cells for analysis.

BrdU Labeling—Cells plated at 1 X 10° cells/10-cm dish for
24 h were incubated with 1 ug/ml of 5-bromo-2'-deoxyuridine
(BrdU) for 3 h, trypsinized, and fixed in 70% ethanol overnight
at 4 °C. Cell pellets were washed in PBS and incubated with
ice-cold 0.1% Triton X-100, 0.1 N HCl on ice for 1 min followed
by resuspension in DNA denaturing buffer (150 um NaCl, 15
M trisodium citrate dihydrate) at 90 °C for 5 min and on ice for
5 min. Cells were resuspended in BrdU staining buffer (PBS,
0.1% Triton X-100, 1% (w/v) BSA) and incubated with 2 ug/ml
of FITC-conjugated mouse anti-BrdU or anti-IgGk isotype
control, 20 ug/ml of RNase A, and 5 ug/ml of PI for 30 min at
room temperature.

Flow Cytometry—The cells prepared above were analyzed
with the FACSCalibur Flow Cytometer (BD Bioscience) using
the CellQuest Pro software. Channel compensation was per-
formed using unlabeled and single-labeled samples. Population
gates and numerical analyses were performed with the Flow]Jo
(version 8.8.6) software.

Immunoblotting—Immunoblotting was performed as previ-
ously described (4). The following antibodies were used in this
study: anti-acetyl-a-tubulin (1:5000) (Sigma), anti-c-Myc
(1:1000) (Invitrogen), anti-FLAG 9H1 clone (1:3000) (WEHI
monoclonal Ab facility, Melbourne, Australia), anti-GAPDH-
HRP (1:3000) (Cell Signaling), anti-GST (1:5000) (Merck), anti-
Hdac6 (1:1000) (Sigma), anti-phospho-histone 3 (1:500) (Roche
Diagnostics), anti-phospho-Mlc Ser-18/Thr-19 (1:1000) (Cell
Signaling), anti-Tpppl monclonal and polyclonal Abs (1:1000,
1:500) (2), and anti-a-tubulin (1:5000) (Sigma).

In Vitro Kinase Assays—In vitro kinase assays were per-
formed as described previously (4). Tppp1 phosphorylation lev-
els following cyclin/Cdk phosphorylation were calculated by
compensating for fold-differences in complex activity, which
were obtained by analysis of Rb protein phosphorylation.

Metabolic Labeling—Log-phase HEK293T cells plated at a
density of 2 X 10° cells/10-cm dish were transfected with the
appropriate DNA constructs 24 h prior to incubation with
Roswell Park Memorial Institute (RPMI) 1640 media without
phosphate and L-glutamine for 16 h. 10 um Y-27632 or vehicle
were added 1 h prior to the addition of 0.1 mCi/ml of
[*>P]orthophosphate for 6 h. Cell cycle-dependent phosphory-
lation was evaluated by synchronizing the stable U20S-FLAG-
Tpppl cell line in G,/G;-phase, S-phase, or G,/M-phase as
described. Synchronized cells were incubated with 0.1 mCi/ml
of [**P]orthophosphate 6 h prior to the conclusion of the treat-
ment periods. Labeled cells were washed twice in cold PBS,
harvested in metabolic labeling buffer (50 mm Tris-HCl, pH 7.4,
150 mm NaCl, and 0.1% (v/v) Triton X-100), and lysed by cen-
trifugation at 16,000 X g for 10 min at 4 °C.
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FIGURE 1. TPPP1 inhibits cell proliferation. TPPP1 overexpression reduces cell proliferation. A, the proliferation of U20S cells stably expressing FLAG-TPPP1
(TPPP1) or vector were analyzed. Assays were performed at daily intervals for a 5-day period as described under “Experimental Procedures” (p < 0.0001).
Immunoblot analysis of U20S cells stably expressing F-TPPP1 or vector that were probed for FLAG, TPPP1, and GAPDH (loading control) showed a 7-fold
increase in TPPP1 expression compared with vector. B, TPPP1 knockdown increases cell proliferation. Proliferation assays were performed for 5 days as
described under “Experimental Procedures” (p < 0.0001). Immunoblot analysis of TPPP1 knockdown probed for TPPP1 and GAPDH (loading control). Data in
A and B were analyzed by two-way analysis of variance with Bonferroni’s post-test.

Microtubule Polymerization and Immunofluorescence
Microscopy—DBriefly, tubulin polymerization assays were per-
formed using a Tubulin polymerization assay kit (catalogue
number BKO0O06P, Cytoskeleton). For immunofluorescence
microscopy cells were fixed in 100% methanol and blocked in
10% EBS followed by incubations with primary and secondary
antibodies as previously described (4).

RESULTS

Tpppl Inhibits Cell Proliferation—Dynamic rearrangement
of the microtubule network is imperative for the transition of
cells through the cell cycle phases and ultimately for cell prolif-
eration. We hypothesized that Tpppl, as a modulator of MT
dynamics, regulates cell proliferation. Our studies revealed that
overexpression of FLAG-Tpppl in U20S cells, resulting in a
7-fold increase in Tpppl expression, significantly reduced the
rate of cell proliferation (Fig. 14). In contrast, RNAi-mediated
knockdown of Tppp1 significantly increased cell proliferation
compared with non-targeting siRNA-transfected cells (Fig. 1B).

Tpppl-mediated Delay of the G ,/S-phase Transition Is Inhib-
ited by Rock Signaling—Cell cycle checkpoints are important
transitional stages whereby the ability of cells to commit to
S-phase and mitosis is controlled. We therefore investigated
whether the observed Tpppl-mediated regulation of cell pro-
liferation is through its modulation of the G,/S-phase transi-
tion. Analysis of U20S cells in S-phase by measurement of the
incorporation of BrdU (5-bromo-2'-deoxyuridine) revealed
that overexpression and knockdown of Tpppl decreased
(25.4 * 3.8%) and increased (42.4 * 4.2%) BrdU incorporation,
respectively, compared with the control cells (36.5 = 1.8% and
29.4 = 4.7%) (Fig. 2, A and B), suggesting that Tppp1 regulates
the entry and/or transition of cells through S-phase.

We previously established that Rock-mediated phosphory-
lation of Tppp1 prevents its interaction with Hdacé to alleviate

MARCH 15,2013 +VOLUME 288+NUMBER 11

its deacetylase inhibitory activity (4). As a major tubulin
deacetylase, Hdac6 regulates the level of M T acetylation, which
controls MT dynamics and ultimately determine cellular qui-
escence (11, 12). Therefore, we investigated if the molecular
mechanism responsible for Tpppl-mediated modulation of
G,/S-phase is dependent on its Hdac6 regulatory activity. We
analyzed the efficiency of U20S cells that were stably express-
ing wild-type Tppp1, Rock phosphoinhibitory Tppp1*', Rock
phosphomimetic Tppp13>“™, or vector to transit through the
G,/S-phase boundary. These studies revealed that expression
of the Tppp1>* protein retards the entry of cells into S-phase,
with 12 = 2.5% of BrdU positive cells compared with 28.8 =
6.4% of BrdU positive cells transfected with empty vector (Fig.
2C). Conversely, expression of the phosphomimetic Tppp1>“,
abolished the Tpppl-mediated decreases in the G,/S-phase
transition of cells, resulting in 28.6 * 4.1% of BrdU positive cells
(Fig. 2C). These results strongly suggest that Tpppl-mediated
regulation of the G,/S-phase transition is dependent on its
Hdac6 regulatory activity.

Tpppl Expression Inhibits the Transition of Cells through
Mitosis—We establish here that Tppp1 overexpression reduces
cell proliferation, whereas its down-regulation enhanced pro-
liferation (Fig. 1, A and B). Furthermore, we show that Tppp1-
mediated inhibition of the G,/S-phase transition is dependent
on its phosphorylation by Rock. Therefore, to investigate if
Rock-Tpppl signaling is sufficient to inhibit Tpppl-mediated
reductions in cell proliferation we performed proliferation
assays with U20S cells stably expressing wild-type Tpppl, its
Rock phospho-mutants, or vector control. We demonstrated
that expression of all Tppp1 proteins reduced cell proliferation
compared with the vector control (Fig. 34). These results indi-
cate that Rock phosphorylation of Tpppl is not sufficient to
inhibit its regulation of cell proliferation, thereby suggesting
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FIGURE 2. TPPP1 and the ROCK-TPPP1 signaling pathway regulate the G,/S-phase cell cycle transition. Altered TPPP1 levels modulate the G,/S-phase
transition. A, U20S cell lines stably expressing FLAG-TPPP1 or vector were incubated with 1 wg/ml of 5-bromo-2-deoxyuridine (BrdU) for 3 h followed by fixation
in 70% ethanol. Fixed cells stained with mouse anti-BrdU-FITC or mouse anti-IgGk FITC (isotype control) antibodies and Pl were analyzed by flow cytometry.
Inset i represents the low Pl positive, G,-phase cell population; inset ii is the BrdU and Pl positive population, that represents cells that were in S-phase during
the incubation period; and inset iii represents the high PI, G,/M-phase population. Graphical representation of the (ii) gated population (*, p = 0.0252) (right
panel). B, representative dot plots of U20S cells transiently transfected with TPPP1 or non-targeting (NT) siRNA that were analyzed as in A as a graphical
representation of the data (¥, p = 0.0322) (right panel). C, ROCK phosphorylation of TPPP1 relieves its inhibition of the G,/S-phase transition. Representative dot
plots of stable U20S cells expressing wild-type TPPP1, TPPP13A12, TPPP13¢Y, or vector. Graphical representation of experiments as described in A of the (i) gated
cell population (¥, p = 0.0476; **, p = 0.0134). Data are expressed as mean * S.E. of three independent experiments and analyzed by two-tailed unpaired t tests.

that its MT polymerization activity, which is retained when
phosphorylated by Rock, is also important for its regulation of
cell proliferation.

Mitosis is dependent on dynamic morphological changes of
the cell afforded by the MT network. Therefore, we hypothe-
sized that Tppp1l might also be involved in the regulation of cell
proliferation through modulation of mitotic progression. To
study the role of Tpppl in completion of mitosis we analyzed
the G,-phase entry of cells that were arrested in mitosis by
nocodazole (200 ng/ml) treatment. Overexpression of Tpppl
delayed the progression of cells from mitosis into the G;-phase
compared with vector control cells (Fig. 3B), whereas knock-
down of Tpppl increased the rate of progression through mito-
sis (Fig. 3C). Therefore, we concluded that Tppp1 regulates cell
proliferation via modulation of the G,/S-phase transition as
well as the mitosis to G;-phase transition.

Because Tpppl1 activity is regulated by Rock signaling and it
is phosphorylated on residues distinct from the Rock phosphor-
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ylation sites (5, 7, 19), we tested if other kinase signaling path-
ways contribute to its role in the progression of cells through
mitosis. We first investigated the level of Tpppl phosphoryla-
tion during the cell cycle by analysis of cells metabolically
labeled with [**P]orthophosphate that were arrested in G,/G,-,
S-, or G,/M-phase. These experiments revealed that Tpppl
phosphorylation was lowest at the G,/G,-phase, whereas it
increased during S-phase and peaked at the G,/M-phase com-
pared with an asynchronous cell population (Fig. 3D). Previous
studies demonstrated that Rock activity was necessary for the
transition of cells from G; - into S-phase (20), which is likely to
reflect the increase in Tpppl phosphorylation at this stage.
However, further increases in Tpppl phosphorylation during
the G,/M-phase suggest that it is subject to further kinase
regulation.

Tpppl Is a Cyclin/Cdkl/2 Substrate in Vitro and in Cells—
Cyclin/Cdks are the classical cell cycle regulatory complexes
that phosphorylate a vast array of substrates including M T reg-

VOLUME 288+NUMBER 11+MARCH 15,2013
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marker), anti-c-myc (S-phase marker), and anti-GAPDH (loading control) antibodies. The numbers below the top panel represent the level of TPPP1 phosphor-

ylation relative to the asynchronous cells.

ulatory proteins (21-24); therefore, we tested the hypothesis
that Tpppl is a cyclin/Cdk substrate. We first analyzed the abil-
ity of the Cyclin/Cdk complexes to phosphorylate Tpppl in
vitro. In vitro kinase assays with Cyclin D/Cdk4 (G,-phase),
Cyclin E/Cdk2 (late G,-phase), Cyclin A/Cdk2 (S-phase),
Cyclin A/Cdk1 (early G,-phase), and Cyclin B/Cdkl (mitosis)
showed that TPPP1 is a cyclin/Cdk1/2 substrate in vitro (Fig.
4A). Moreover, quantification of the level of Tpppl phosphor-
ylation relative to Cyclin/Cdk complex activities, which was
obtained through analysis of their phosphorylation of the Rb
(Fig. 4B), a known Cdk substrate, revealed that the highest level
of Tpppl phosphorylation was achieved in the presence of
Cyclin B/CdKk1 (Fig. 4A, lower panel). We next tested if Tppp1 is
also phosphorylated by Cdks in cells. Treatment of cells with
the Cdk inhibitor roscovitine (10 uM) showed that inhibition of
Cdk activity significantly reduced Tpppl phosphorylation
compared with vehicle-treated cells (Fig. 4C). Therefore, we
establish that Tpppl1 is a Cyclin/Cdk substrate in vitro and in
cells.
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Phosphoamino acid analysis as well as phosphorylation
kinetics experiments revealed that Cyclin B/Cdkl phosphory-
lates Tppp1 on four serine/threonine residues in vitro (Fig. 4, D
and E). A literature search of the Tpppl amino acid sequence
for residues that are part of minimal cyclin/Cdk consensus
motifs (S/T-P) (25-27) and that are phosphorylated in cells, led
to the identification of Thr-14, Ser-18, Ser-45, and Ser-160 as
candidate phosphorylation sites (Fig. 4F). We therefore gener-
ated single Tpppl alanine substitution mutants and in vitro
kinase assays showed that mutation of each of these sites
reduced Tpppl phosphorylation by Cyclin B/Cdk1 (Fig. 4G).
Subsequent analysis of a quadruple Tpppl alanine mutant
(Tppp1**'®) confirmed that mutation of these sites abolished
Tpppl phosphorylation by Cyclin B/Cdk1 (Fig. 4H).

Cdk-Tppp1 Signaling Inhibits Tppp1-mediated M T Polymer-
ization without Altering Its Hdac6 Binding—Our initial inves-
tigation into the functional implications of the Cdk-Tppp1 sig-
naling pathway revealed that Tpppl phosphorylation by Cdk
did not alter its interaction with Hdac6 or the level of acetylated
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FIGURE 4. TPPP1 is a Cyclin/Cdk substrate in vitro and in cells. Aand B, TPPP1 is a Cdk substrate in vitro. In vitro kinase assays were performed in the presence
of the bacterially expressed and purified TPPP1 (A) or Rb (B) proteins and the cyclin D/Cdk4, cyclin E/Cdk2, cyclin A/Cdk2, cyclin A/Cdk1, and cyclin B/Cdk1
complexes as described under “Experimental Procedures.” TPPP1 phosphorylation levels (A) were normalized according to cyclin/Cdk complex activities based
on their level of Rb phosphorylation (B). Data are expressed as mean * S.E. of three independent experiments. C, TPPP1 is an in vivo Cdk substrate. U20S cells
transiently transfected with FLAG-TPPP 1 were treated with roscovitine (10 um) or vehicle (dimethyl sulfoxide) prior to incubation with [*2PJorthophosphate (0.1
mCi/ml) for 6 h. TPPP1 phosphorylation in cells was determined by immunoprecipitation (/P) of the F-TPPP1 protein followed by autoradiography (AR) and
immunoblotting (IB). D, TPPP1 is phosphorylated on 3-4 serine/threonine residues by Cdk1. Michaelis-Menten kinetics assays performed as described under
“Experimental Procedures” revealed that Cdk phosphorylates TPPP1 on 3-4 residues. £, phosphoamino acid analysis of in vitro phosphorylated TPPP1 showed
that TPPP1 is phosphorylated by Cdk on serine and threonine residues. F, amino acid sequence alignment of four mammalian TPPP1 species showing their
evolutionary conservation, potential Cdk phosphorylation sites: TPPP1 Thr-14, Ser-18, Ser-45, and Ser-160 (red) and their minimal Cdk motif proline residue
(+1; blue). G, alanine substitution mutations of TPPP1 Thr-14, Ser-18, Ser-45, or Ser-160 residues decreased their phosphorylation by cyclin B/Cdk1. In vitro
kinase assays with cyclin B/Cdk1 and wild-type TPPP1, TPPP1-T14A, TPPP1-S18A, TPPP1-S45A, or TPPP1-S160A were performed as described under “Experi-
mental Procedures.” H, the quadruple T14A/S18A/S45A/S160A (TPPP14A1%) mutations abolish TPPP1 phosphorylation by cyclin B/Cdk1 in in vitro kinase assays.
The numbers below the panels in C and G represent their level of phosphorylation relative to the wild-type TPPP1 protein. Data in A, B, and D are expressed as
mean = S.E. of three and two independent experiments, respectively.

Coomassie GST-TPPP1

MT in cells (Fig. 5, A-C). To examine the impact of Tpppl
phosphorylation by Cdk in vitro we performed tubulin poly-
merization assays (Fig. 5D) and visualized the amount of poly-
merized MTs in cells expressing wild-type Tpppl, Cdk phos-
phoinhibitory Tppp1**"?, Cdk phosphomimetic Tppp1*“", or
vector (Fig. 5E). These studies demonstrated that Tppp1l phos-
phorylation by Cdk inhibits its MT polymerization in vitro and
reduces the level of MTs in cells. To further confirm that only
Cdk phosphorylation of Tpppl inhibits its MT polymerizing
activity, we generated stable U20S cell lines expressing the dual
Rock and Cdk Tpppl phosphoinhibitory and phosphomimetic
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proteins (Table 1). Analysis of MT levels in these cells by immu-
nofluorescence microscopy revealed that phosphorylation of
Tpppl by Cdk, irrelevant of its phosphorylation by Rock inhib-
ited Tpppl-mediated increases in MT levels in cells (Fig. 5F).
Therefore, we confirm that Cdk-Tpppl signaling inhibits
Tpppl-mediated MT polymerizing activity in vitro and in cells.

Tpppl-mediated M T Polymerization Does Not Contribute to
Its Inhibition of the G,/S-phase Transition—Our results thus
far suggest that Rock-mediated phosphorylation of Tpppl
relieves its inhibitory effect on G,/S-phase progression (Fig. 2).
To rule out the possibility that Tpppl-mediated MT polymer-
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FIGURE 5. Cdk-TPPP1 signaling inhibits its MT polymerizing activity. A, U20S cells expressing F-TPPP1, F-TPPP1%42, F-TPPP14%!, or vector were immuno-
precipitated (/P) and analyzed by immunoblotting together with cell lysates that were probed for FLAG-TPPP1, HDAC6, and GAPDH (loading control). B, U20S
cell extracts from A were immunoprecipitated with an anti-HDAC6 antibody and their interaction with F-TPPP1 proteins and total cell lysates were analyzed as
described in A. G, stable U20S cell line extracts expressing the indicated TPPP1 proteins or vector were immunoblotted for acetyl-a-tubulin, FLAG, and GAPDH
(loading control) levels. D and E, TPPP1 phosphorylation by cyclin B/Cdk1 inhibits its MT polymerizing activity in vitro and in cells. D, in vitro MT polymerization
assays in the presence of GST- or GST-TPPP1 phosphorylated in vitro by cyclin B/Cdk1 as described under “Experimental Procedures.” E, phosphorylation of
TPPP1 by Cdk inhibits its microtubule polymerizing activity in cells. U20S cells stably expressing wild-type TPPP1, TPPP14A12, TPPP14S14, or vector were stained
for MTs (green) and nuclei (blue). Immunofluorescence microscopy revealed that expression of Cdk-mediated phosphomimetic TPPP1 (TPPP14¢™) reduces the
level of MT staining compared with cells expressing wild-type and phosphoinhibitory TPPP1 (TPPP1#4/)_ F, onI)ITPPP1 phoslphorylation by Cdk inhibits its MT
polymerizing activity. U20S cells stably expressing wild-type TPPP1, TPPP13Ala/4Ala Tppp{3Glu//aAla Tpppq3Ala/4Glu Tppp13GIuaGlu or yector were analyzed as
described in E. Scale bar is 50 wm.

TABLE 1
Dual ROCK and Cdk phosphoinhibitory and phosphomimetic TPPP1 mutants

Construct Mutant sites Mutant type
Tpppl3Al/tAk S32A/S107A/S159A-T14A/S18A/S45A/S160A Dual phosphoinhibitory
Tpppl3At/acie S32A/S107A/S159A-T14E/S18E/S45E/S160E Rock phosphoinhibitory/Cdk phosphomimetic
Tpppl12C/aAla S32E/S107E/S159E-T14A/S18A/S45A/S160A Rock phosphomimetic/Cdk phosphoinhibitory
Tppp13CiwAciu S32E/S107E/S159E-T14E/S18E/S45E/S160E Dual phosphomimetic

ization is also contributing to its inhibition of the G,/S-phase
transition, we analyzed the level of BrdU in cells expressing the
dual Rock and Cdk phospho-site Tpppl mutants displayed in
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Table 1. Analysis of BrdU incorporation in cells revealed that
expression of wild-type Tpppl (25.4 * 2.71%), Tppp
(12.1 = 2.12%), or Tppp1>42/4G (152 + 1.24%) significantly
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nuclei (blue). Scale bar is 50 wm.

decreased the level of cellular BrdU compared with the vector
expressing cells (36.5 = 1.06%) (Fig. 6, A and B). In contrast,
expression of Tppp13SW/4A12 (352 + 2.36%) or Tpppl>S!/4cu
(36.6 = 1.36%) did not alter BrdU levels. Therefore, we con-
clude that Tpppl retards the G,/S-phase transition only via its
Hdac6 inhibitory activity.

To confirm that Tpppl-mediated inhibition of Hdac6 activ-
ity and its inhibition of the G,/S-phase transition is the result of
increased microtubule acetylation, we analyzed the level of MT
acetylation in these cell lines by immunoblotting (Fig. 6C) and
immunofluorescence microscopy (Fig. 6D). The results show
that increases and decreases in the number of cells in S-phase
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correlates with increased and decreased Tpppl phosphoryla-
tion by Rock and is dependent on its regulation of MT acetyla-
tion. Therefore, our results clearly show that Tpppl-mediated
inhibition of Hdac6 activity and the resulting increase in MT
acetylation is the only Tpppl function necessary for the inhibi-
tion of the G,/S-phase transition.

Phosphorylation of Tpppl by Rock and Cdk Is Necessary to
Inhibit Tpppl Activity and Its Regulation of Cell Proliferation—
To investigate the impact of Rock- and Cdk-mediated Tpppl
phosphorylation on its regulation of the mitosis to G;-phase
transition, we analyzed the recovery of cells arrested in the
G,/M-phase with nocodazole treatment. Our results revealed
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FIGURE 7. Dual TPPP1 phosphorylation by Cdk and ROCK inhibits its regulation of cell proliferation. A, U20S cells stably expressing wild-type TPPP1,
TPPP13Ala/aAla Tpppq3Ala/aGlu Tppp3Glu/aAla Tppp(3GIu/4Glu o yector were synchronized in the G,/M-phase by nocodazole treatment (200 ng/ml) and the
mitotic population was collected by shake-off. After nocodazole washout and re-plating, cells were harvested at the indicated time points fixed in 70% ethanol,
stained with PI, and analyzed by flow cytometry. 1N represents the G;-phase cell population, with only one copy of the genome, whereas 2N is the G,/M-phase
population with two copies of the genome. B, proliferation assays of the cells described in A were performed as described under “Experimental Procedures.”

that inhibition of Tpppl phosphorylation by Rock and/or Cdk
delayed the transition of cells into the G;-phase compared with
vector control cells (Fig. 7A). Interestingly, Tpppl phosphory-
lation by Rock or Cdk increases the rate of entry of cells into the
G,-phase compared with wild-type Tpppl expressing cells,
suggesting that loss of its Hdac6 regulatory or MT polymerizing
function partially inhibits its modulation of mitosis to G;-phase
transition. In contrast, expression of the dual Rock/Cdk phos-
phomimetic Tppp1 mutant (Tppp1>“'*/#S™) showed no differ-
ence in the transition of cells into G,-phase compared with the
vector control. Therefore, we concluded that Tppp1 phosphor-
ylation by both Rock and Cdk is necessary to inhibit its Hdac6
regulatory and MT polymerizing activities, respectively, to
enable cells to re-enter the G,-phase.

To confirm that Tpppl phosphorylation by Rock and Cdk
suppresses its cell proliferation effect, we performed prolifera-
tion assays with the cell lines described above. These results
confirmed that neither Rock (Tppp1*¢"/#A12) nor Cdk phos-
phorylation (Tppp134*/#S*) of Tppp1 alone was sufficient to
alleviate its inhibition of cell proliferation. However, the prolif-
eration of cells expressing the dual Tpppl phosphomimetic
mutant (Tppp1>“'*/4S) was similar to that of the vector
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expressing cells (Fig. 7B), therefore confirming that Tpppl
phosphorylation by Rock and Cdk is required to modulate the
progression of cells through the cell cycle.

DISCUSSION

Our study establishes that Tppp1 reduces cell proliferation
through inhibition of the G,/S-phase transition and the pro-
gression of cells into G; from G,/M-phase. We demonstrate
here that Rock-mediated Tpppl phosphorylation inhibits its
regulation of the G,/S-phase transition, whereas Rock- and
Cdk-mediated phosphorylation are necessary to inhibit its
mitotic regulatory activity. Therefore, our findings reveal that
temporal cell cycle-dependent phosphorylation of Tpppl,
which inhibits its activity, is necessary for cells to progress
through the cell cycle and has important consequences in cell
proliferation.

We establish that Tppp1 overexpression reduces, whereas its
knockdown increases the proliferation of U20S cells. These
results are supported by reports that oligodendrocytes show
similar defects in replication upon prolonged Tppp1 expression
(28) and increased cell proliferation when Tpppl expression is
reduced using the microRNA-206 (miR-206) (29). Our findings
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also provide further insight into the mechanism by which
Tpppl temporally regulates cell proliferation, whereby it mod-
ulates the transition of cells from G; into S-phase as well as
from mitosis into G;-phase.

Herein, we focused on the signaling pathways that regulate
Tpppl activity and their impact on its regulation of cell prolif-
eration. This initially involved the evaluation of our recently
established Rock-Tpppl signaling pathway (4). We show that
Rock-mediated phosphorylation of Tpppl, which inhibits
TPPP1 binding to Hdac6 and results in reduced MT acetyla-
tion, promotes the transition of cells through G,/S-phase.
These results suggest that down-regulation of acetyl-MT levels
is a critical event at the onset of the cell cycle. This is supported
by our studies demonstrating that knockdown of Tpppl pro-
motes the G,/S-phase transition and those of others showing
that increased MT acetylation delays cell cycle entry and pro-
motes cell senescence (12, 30, 31). Moreover, Rock signaling
has previously been implicated in the regulation of the G,/S-
phase transition, with the observation that Rock activation
enhances the entry of cells into S-phase (20), whereas inhibition
of its activity leads to a marked decrease in DNA synthesis (32)
and blocked G, /S-phase cell cycle progression (33—35). There-
fore, our studies now show that Rock signaling regulates the
G,/S-phase transition, at least in part via inhibition of the
Tpppl/Hdac6 interaction.

Our investigation into the role of Tpppl1 in the regulation of
the progression through mitosis into G,-phase demonstrates
that Rock-mediated phosphorylation of Tpppl alone does not
inhibit this activity. However, further analysis of the Tpppl
regulatory pathways identified that it is a novel Cyclin B/Cdk1
substrate in vitro and a Cdk substrate in cells. The data pre-
sented here clearly show that Cdk-mediated Tpppl phosphor-
ylation inhibits its MT polymerizing activity in vitro and in cells,
without affecting its Hdac6 regulatory activity. Finally, an inte-
grated analysis of the role of Tpppl phosphorylation by Rock
and Cdk in the regulation of the transition of cells from mitosis
into G,-phase shows that dual Tppp1l phosphorylation is nec-
essary to completely inhibit Tppp1 activity and its regulation of
mitosis.

Although it appears that Tpppl activity is regulated during
the cell cycle via its sequential phosphorylation at late G; by
Rock to enable cells to transit into S-phase followed by its fur-
ther phosphorylation at the G,/M-phase by cyclin B/Cdk1 ena-
bling cells to re-enter G, -phase, the regulation of Tppp1 during
the cell cycle is likely to be more complex. The results presented
here and those of others demonstrate that the mitotic appara-
tus is enriched in acetylated M T, suggesting that an increase in
MT acetyltransferase activity or a reduction in deacetylase
activity is crucial for the regulation of mitosis. Furthermore,
Rock activity is required for the completion of mitosis (36, 37)
and Tppp1 regulation by Rock and Cdk is not interdependent,
since we show that bacterially expressed Tpppl is an in vitro
substrate of both kinases. Therefore, we propose a model
whereby the cellular Tppp1 pool is phosphorylated or partially
phosphorylated at late G, -phase by Rock to permit cells to enter
S-phase, followed by synthesis of the new Tpppl protein or its
de-phosphorylation during G,-phase to re-establish its Hdac6
inhibitory activity and increase MT acetylation, enabling the
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FIGURE 8. A proposed model of the dynamic phosphorylation of TPPP1
and its activation/deactivation during the cell cycle. TPPP1 phosphoryla-
tion by ROCK during late G;-phase inhibits its HDAC6 regulatory activity to
decrease MT acetylation and enable cells to enter and/or progress through
S-phase. TPPP1 phosphorylation by ROCK and Cdk, which inhibits its HDAC6
regulatory and MT polymerizing activity, respectively, is necessary for cells to
exit mitosis and re-enter the G,-phase. It was previously suggested that an
increase in MT acetylation is required for mitosis. Therefore, we propose that
TPPP1-mediated inhibition of HDAC6 activity, resulting in increased MT
acetylation, occurs during the G,-phase. We suggest two alternative models
whereby the TPPP1 poolis phosphorylated or partially phosphorylated at late
G,-phase by ROCK to permit cells transition into S-phase. This is followed by
the synthesis of new TPPP1 protein (A) or its dephosphorylation by a phos-
phatase (PPT) (B) during the G,-phase to re-establish its inhibition of HDAC6
activity and increase MT acetylation to form a stable mitotic apparatus.

formation of the stable mitotic apparatus. Finally, subsequent
phosphorylation of Tpppl during mitosis by Rock and cyclin
B/Cdk1 completely inhibits its activity and enables cells to re-
enter the G;-phase (Fig. 8).

In summary, we establish a role for Tppp1 in the regulation of
cell proliferation via inhibition of the entry of cells into S-phase
and re-entry into G;-phase from mitosis, respectively. Tpppl
reduces the G,/S-phase transition through inhibition of Hdac6
activity, which modulates MT acetylation levels. Moreover, we
discovered a novel Cdk-Tppp1 signaling pathway that inhibits
Tpppl-mediated MT polymerization. Finally, we demonstrate
that dual phosphorylation of Tppp1l by Rock and Cdk during
mitosis is necessary to inhibit its activity and enable cells to
re-enter the G,-phase.
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