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REPORT

TD-60 is required for interphase cell cycle
progression
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We previously identified TD-60 (RCC2) as a mitotic centromere-associated protein that is necessary for proper completion
of mitosis. We now report that TD-60is an essential requlator of cell cycle progression during interphase. siRNA suppression
blocks progression of mammalian G,/S phase cells and progression of G, cells into mitosis. Prolonged arrest occurs both
in non-transformed cells and in transformed cells lacking functional p53. TD-60 associates with Rac1 and Arf6 and has
recently been demonstrated to be an element of a581 integrin and cortactin interactomes. These associations with
known elements of cell cycle control, together with our data, suggest that TD-60 is an essential component of one or
more signaling pathways that drive cell cycle progression. During mitosis, TD-60 is required for correct assembly of the
mitotic spindle and activation of key mitotic proteins. In contrast, in interphase TD-60 promotes cell cycle progression
through what must be distinct mechanisms. TD-60 thus appears to be one of the growing categories of proteins that

“moonlight,” or have more than one distinct cellular function.

Introduction

After mammalian cells pass the restriction point in the G, phase
of the cell cycle, they are committed to complete the cell cycle
and pass into mitosis.! Cell cycle arrest after the restriction point
can be imposed by checkpoints that respond to DNA damage,
failure to complete S phase or failure to decatenate DNA strands
in G,. Checkpoint controls after the restriction point normally
involve transient arrest by activation of the Atm/Atr control
pathway, or more durable response by activation of p53 and p21,
which suppress Cdk cyclin-dependent kinase activity.? Typically,
tumor cells with compromised or inactivated p53 exhibit only
transient arrest in response to interphase DNA damage check-
point activation.

We had previously purified and cloned TD-60 (RCC2) and
demonstrated that it was an RCC1 homolog that binds Racl.
We further showed that it binds microtubules and is required for
proper spindle assembly in mitosis.> Antibodies revealed that it
localized in mitosis with passenger proteins,* a group of inter-
acting proteins that associate with the inner centromere in pro-
metaphase and metaphase and transfer to the midzone of the cell
in anaphase and telophase.® We also demonstrated that TD-60 is
required for recruitment of the passenger proteins to the centro-
mere and for proper spindle function.? In its absence, mitotic cells
arrested indefinitely in prometaphase. TD-60 binds and activates
the passenger protein Aurora B, and is required for the activation
of another centromeric protein kinase, haspin.”
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The homolog of TD-60, RCC1, is important to proper cell
cycle progression both in interphase and in mitosis.> However,
its role in spindle assembly in mitosis is quite distinct from its
role suppressing mitosis before DNA replication completes in
interphase.”® Recent evidence indicated TD-60 was a key com-
ponent in interactomes involved in cell signaling and interphase
cell cycle progression, including a5B1 integrins'' and cortactin,
suggesting it might, like RCCI1, have a distinct function in inter-
phase. We thus addressed whether TD-60 has a regulatory effect
on the interphase cell cycle.

We now report that TD-60 plays an important role in inter-
phase cell cycle progression. Following siRNA suppression of
TD-60, mammalian cells cease to proliferate and arrest either in
G,/S or G, phases of the cell cycle. Our data suggest that TD-60
plays a functionally important role in regulating the signaling
pathways that drive cell cycle progression.

Results

Transfection of human cells with siRNA to TD-60 is highly
effective, blocking expression in the entire cell population as
assayed by immunofluorescence microscopy at 72 h after trans-
fection (Fig. 1A and B). Suppression of TD-60 provokes mul-
tiple effects in transfected HeLa cells. There is a striking increase
in interphase cell spreading and a marked increase in the abun-
dance and length of microtubules compared with control cells
(Figs. 1 and 2), sometimes filling cell extensions that do not
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Flow cytometry of cells treated
with either STLC alone, or presyn-
chronized, showed that control cells
arrested in 4N, as expected of mitoti-
cally arrested cells (Fig. 3). TD-60
siRNA-transfected cells arrest with
4N status with thymidine presyn-
then STLC expo-
sure (Fig. 3), although they are not

chronization,

mitotic (Fig. 2). Microscopic evi-
dence shows that the cells have not
proceeded through mitosis to a fol-
lowing G, as their interphase nuclei
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Figure 1. Knockdown of TD-60 is effective. (A) Control sham transfected Hela cells, stained for TD-60,
show a clear nuclear TD-60 stain and normal HeLa morphology. (B) HelLa cells transfected with siRNA

to TD-60 and examined 72 h later have lost TD-60 stain at the same microscope settings and show aug-
mented cell size and hyperabundant microtubules. Cells were stained with anti-tubulin and anti-TD-60
polyclonal antibodies and DNA was stained with Hoechst. (C) Ectopically expressed GFP-TD-60 localizes
to the nucleus and to cytoplasmic microtubule arrays. Counterstain was Hoechst for DNA. (D) Immu-
noblot analysis of TD-60 in siRNA-treated Hela cells indicates effective suppression in different assay
conditions. GAPDH is a loading control. Times after transfection and drug treatment are as in Figure 3.

occur in controls (see for example Fig. 2B). GFP-TD-60 prefer-
entially localizes to the nucleus and to the microtubules of inter-
phase cells (Fig. 1C). The siRNA effectively suppresses TD-60,
as assayed by western blot (Fig. 1D).

We noted that the mitotic figures that are frequent in sham-
transfected controls are virtually absent in transfected cells by
48 to 72 h after transfection (Fig. 1). We therefore assayed for
the capacity of TD-60 siRNA transfected HeLa cells to enter
mitosis. The result was striking. Control cells exposed for 14 h to
S-trityl-L-cysteine (STLC), an Eg5 microtubule motor protein
inhibitor that blocks cells in mitosis with a single aster,”? yielded
abundant mitotic arrest, with cell rounding, chromosome con-
densation and formation of a spindle aster (Fig. 2A). In contrast,
few of the TD-60 siRNA-transfected cells exposed to STLC were
mitotic (Fig. 2B). To enhance mitotic arrest, we presynchronized
cells by G,/S arrest with thymidine and then released the cells
into STLC. In this case also, the doubly synchronized controls
were largely mitotic (Fig. 2C), while TD-60 siRNA-transfected
cells remained in interphase (Fig. 2D).

Control cells were approximately 43% mitotic after STLC
exposure alone and 72% mitotic after thymidine presynchroni-
zation followed by STLC (Fig. 2E). In contrast, TD-60 siRNA-
transfected cells were less than 10% mitotic (STLC) and 17%
mitotic with thymidine followed by STLC. siRNA suppressed
TD-60 under all synchronization protocols (Fig. 1D).
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are not fragmented, which would be
indicative of mitotic catastrophe. On
exposure to STLC alone the TD-60
siRNA-treated population is approx-
imately equally divided between 2N
and 4N arrested cells (Fig. 3). These
results show that siRNA-suppressed
cells may be blocked either at G,/S
or G,, depending on their position
in the cell cycle when TD-60 expres-
sion is lost. The ungated flow cytom-
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etry data also reveal the presence of
a small but reproducible amount of
cell death, as indicated by the < 2N
population. In accord with cell cycle
arrest, apparent in both microscopic
and flow cytometry data, the siRNA
population rapidly ceases to prolifer-
ate after transfection (Fig. 4A).

Consistent with the low number of mitotic cells recorded,
cyclin Al and cyclin B, two proteins that are required for mitotic
entry," were substantially suppressed in transfected cells exposed
to nocodazole, a microtubule inhibitor that was used to create a
mitotic trap (Fig. 4B, left). Similarly, mitotic Cdk1 protein kinase
phospho-substrates were suppressed compared with mitotic con-
trols (Fig. 4B, right). This ladder of Cdk1 substrates occurs only
in cells that are in mitosis, as previously demonstrated.”

The above assays were performed in HeLa cells. Parallel sup-
pression of the cell cycle is evident in non-transformed human
fibroblasts. Movies of siRNA-transfected cells indicate that mito-
sis, evident in controls (Vid. S1), is virtually absent in transfected

cells (Vid. S2) recorded over a 24 h period.
Discussion

To summarize, using analysis from a variety of approaches, our
results have revealed that TD-60 has a substantial interphase role
in cell cycle progression in mammalian cells. In the absence of
TD-60 expression, cells cease to proliferate and arrest either in
the G, or G, phase of the cell cycle.

The reason for the cell cycle arrest in interphase is unknown.
The reported interactions of TD-60 with several proteins and
protein interactomes offer possible mechanisms that remain to be
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tested. Among the reported interac- tubulin/DNA

tions we, and others, have found that
it binds to the Rho family GTPase
Racl*!" and to the small G-protein
Arf6," that it binds and activates the
mitotic kinase Aurora B,” and that
it associates with microtubules in
vitro.>’

In addition, recent interactome
assays have demonstrated that TD-60
associates with two important com-
ponents of focal adhesion plaques,'®
a5PB1 integrin and cortactin.'™? Its
association with a5B1 integrin and
regulation of both Racl and Arf6 led
to speculation that it was a key nodal
protein that integrates two distinct
cell regulatory circuits that are regu-
lated by either Racl or Arf6."

Thus, TD-60 is linked to protein
complexes involved in cell signaling
and cell cycle progression.'"? Our
evidence clearly links TD-60 to cell
cycle control, and these interactions
suggest one or more of these pathways
may be important to its interphase
function. Its association with both
a5PB1 integrin and Racl is particu-
larly interesting, as @531 integrin has
been linked to Racl-dependent acti-
vation of cell cycle progression.”*

We previously discovered that
suppression of TD-60 blocked
mitotic cells indefinitely in prometa-
phase.> Combined with the present
results, it thus appears that absence
of TD-60 freezes cell cycle progres-
sion at multiple junctures, and that
it thus plays a functionally impor-
tant role throughout the cell cycle. STLC
Based on the evidence that TD-60
is important both in mitosis and at
focal adhesions in interphase, it has
previously been noted that it might
exhibit multifunctional “moonlight-
ing” behavior.? Proteins that moon-
light, or have more than one discrete
function in the cell, can switch
functions through change in intra-
cellular localization, change of bind-
ing partners or post-translational
modification.?! Importantly, the close paralog of TD-60, RCCl1,

is also a moonlighting protein that controls DNA replication'

and nucleocytoplasmic transport in interphase®*4

and regulates
bipolar spindle assembly by creating a GTP-Ran gradient in the

mitotic cell.”? Both RCC1 and TD-60 regulate the interphase
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Figure 2. TD-60 knockdown suppresses mitotic entry. (A-D) HeLa cells were transfected with TD-60
siRNA or sham transfected. After 48 h, cells were treated with STLC (10 M) for 14 h (A and B). Alterna-
tively, after 24 h, cells were presynchronized in G,/S phase with 2 mM thymidine (18 h), and released. Six
hours after release STLC (10 M) was added for 14 h (C and D). Cells were fixed and stained with anti-
tubulin and Hoechst. Control sham transfected cells (A and C) arrest abundantly in mitosis while TD-60
knockdown cells (B and D) remain in interphase. (E) Quantitation of mitotic entry. Cells were treated as
in (A-D) and fixed and stained with anti-MPM2 and Hoechst. Cells with condensed chromosomes and
MPM2 positive signal were scored as mitotic cells. Results are mean + SD of two experiments.

cell cycle and mitotic spindle assembly. It will be interesting to
know if the two paralogs have additional similarities.

We will, in future work, address which of the known regu-
latory protein interactions with TD-60 underpin the profound
effect that it has on cell cycle progression and on cell proliferation.

839

Do not distribute.

I0Science.

©2013 Landes B



with siRNA, then either were harvested directly after

transfection or after synchronization, as specified
in figure legends. For G,/S phase synchronization,
cells were incubated with thymidine (2 mM, 18 h),
released for 6 h in drug-free medium, and then STLC
(10 wM) was added for 14 h.

— Cell proliferation assay. After siRNA transfection,

cells were collected at 24, 48 and 72 h, and viable cells
were counted by trypan blue exclusion.
Immunofluorescence. Hela cells were seeded on
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coverslips. After transfection and/or synchronization,
coverslips were fixed using 3.7% paraformaldehyde in
PBS for 20 min, and then were permeabilized and
blocked overnight at 4°C with 1% goat serum, fol-
lowed by incubation in primary antibody for 1 h at
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z =2 z =z z =2

room temperature. Primary antibodies including

S8 F 8 F S8 F mouse anti-a-tubulin, and rabbit anti-TD-60 were
untreated STLC Thy + STLC used at 1:500 and anti-MPM-2 at 1:100. After wash-

ing, cells were incubated with Alexa Fluor second-

2N/4N population.

Figure 3. TD-60 knockdown suppresses cell cycle progression both in G,/S and

G,. Hela cells were transfected with TD-60 siRNA and assayed by flow cytometry.
Samples were treated either with STLC alone or with 2 mM thymidine for 18 h, re-
leased for 6 h and then with STLC for 14 h. Untreated controls show normal cell cycle
distribution. Controls synchronized with STLC alone, or thymidine then STLC, show

a 4N peak. TD-60 knockdown without synchronization (lower left) yields largely 2N
cells. TD-60 knockdown followed by STLC synchronization shows a substantial 2N
population, as well as 4N cells. Tandem thymidine and STLC treatment yields a mixed

ary antibodies for 1 h at room temperature. Hoechst
(10 pg/mL) was used to stain DNA and coverslips
were mounted with Clarion mounting media.
Stained cells were examined with a Delta Vision
Deconvolution microscope (Applied Precision). To
observe GFP-TD-60, HeLa cells were transfected
with GFP-pIC113-TD-60 and after 72 h, cells were

fixed as described above.

Materials and Methods

Materials, cell culture and transfection. Dulbecco’s modi-
fied Eagle’s medium (DMEM), fetal bovine serum (FBS), and
Trypsin-EDTA were purchased from Mediatech. Lipofectamine
2000, Lipofectamine RNAIMAX, Hoechst 33258 and Alexa
fluor-conjugated secondary antibodies were purchased from
Life Technologies. Rabbit monoclonal anti-TD-60 and rabbit
polyclonal anti-phospho-serine CDK substrate antibodies were
purchased from Cell Signaling. Rabbit polyclonal anti-GAPDH
was from Abcam. Rabbit anti-cyclin A and mouse monoclo-
nal anti-cyclin Bl were from Upstate. TD-60 coding region in
pcDNA-TD-60° was amplified and cloned into GFP-pICl113
vector.”® Eight-chamber glass slides were from Labtek (Thermo
Fisher). All other chemicals were from Sigma-Aldrich unless oth-
erwise noted. HeLa cells and primary human foreskin fibroblasts
(HFF) were cultured in DMEM with 10% FBS in a humidi-
fied incubator (37°C, 5% CO,). All siRNA (Qiagen) transfec-
tions used 30 nM siRNA (final) with Lipofectamine RNAiMax.
TD-60 siRNA sequence was AAC AGC AAG CTG CTT ACC
GCA. For transfection, Lipofectamine 2000 was mixed with 2
g DNA per well of a 6-well plate according to manufacturer’s
instructions. For all fixed cell microscopy, coverslips were pre-
coated with poly-L-lysine.

Cell synchronization. Cells were seeded (5 x 10 per well)
in 6-well plates and allowed to adhere for 24 h then transfected

840 Cell Cycle

Mitotic index. Cells grown on coverslips were
transfected with TD-60 siRNA, and synchronized
as described above. Cells were then fixed and immu-
nostained using anti-MPM-2 antibody and Hoechst. Cells posi-
tive for MPM-2 and containing condensed chromosomes were
counted as mitotic.

Flow cytometry. HeLa cells were treated with TD-60 siRNA
and synchronized as described above. Synchronized cells were
harvested using trypsin-EDTA, washed and fixed in ice-cold
methanol. Cells were permeabilized and stained with propidium
iodide, as described,” and analyzed by FACS (FACSort, Becton
Dickinson) using FloJo software.

Immunoblotting. Cell lysates (25 pg/well) were resolved by
PAGE, transferred to PVDF membranes and detected using che-
miluminescence (Thermo Scientific Pierce). All primary anti-
bodies were used at 1:1,000, except anti-GAPDH, which was
used at 1:2,000. Appropriate secondary HRP conjugated anti-
bodies were used at 1:10,000.

Video microscopy. TD-60 was knocked down in HFF seeded
in 6-well plates. Forty-eight h after transfection, cells were
replated in fibronectin coated 8-well glass chambers (1.0 x 104
cells/well), allowed to adhere (24 h), and then recorded with a
20x objective. The Delta Vision microscope stage was main-
tained at 37°C with 5% CO,. Videos were recorded at 10 min
intervals for 24 h.
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markers and Cdk1 phospho-substrates after TD-60 depletion.

Figure 4. TD-60 knockdown suppresses proliferation and mitotic markers. (A) Quantitative assay of HeLa cells following siRNA transfection shows the
cell population ceases proliferation and remains blocked for 3 days. Viable cells were counted relative to time 0 (time of transfection). The control was
a sham transfection. (B) Immunoblot analysis of Cyclin B1 and Cyclin A of TD-60 siRNA-transfected cells treated with nocodazole (0.04 pg/ml) from 24
to 48 h or 48 h to 72 h (left), and of Cdk1 phospho-substrates after nocodazole treatment from 48 h to 72 h (right). The blots confirm absence of mitotic
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