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A specific interaction between the telomeric protein Pin2/TRF1
and the mitotic spindle
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Pin2/TRF1 was independently identified as a Results and discussion
Pin2/TRF1 localizes to the mitotic spindle in cellstelomeric DNA binding protein (TRF1) [1] and as a

protein (Pin2) that can bind the mitotic kinase NIMA To investigate how Pin2/TRF1 affects the cell cycle, we
examined whether Pin2/TRF1 is localized on some celland suppress its ability to induce mitotic

catastrophe [2, 3]. Pin2/TRF1 has been shown to cycle-related structures besides telomeres. Pin2 is identi-
cal to TRF1 with the exception of a 20 amino acid internalbind telomeric DNA as a dimer [3–7] and to

negatively regulate telomere length [8–11]. deletion, and it is expressed at a rate 5- to 10-fold higher
than TRF1 in various cells examined [3]; TRF1 and Pin2Interestingly, Pin2/TRF1 levels are regulated

during the cell cycle, being increased in late G2 and are likely to be generated from the same gene PIN2/TRF1
[14]. For clarity, we will here use Pin2 for the 20 aminomitosis and degraded as cells exit from mitosis [3].

Furthermore, overexpression of Pin2/TRF1 induces acid-deleted isoform and TRF1 for the 20 amino acid-
containing isoform, but we will refer to endogenous pro-mitotic entry and then apoptosis [12]. This Pin2/

TRF1 activity can be significantly potentiated by the teins as Pin2/TRF1. To examine the localization of Pin2/
TRF1 during the cell cycle, we first transfected HeLamicrotubule-disrupting agent nocodazole [12] but

is suppressed by phosphorylation of Pin2/TRF1 by cells with either a GFP-Pin2 fusion construct or the con-
trol GFP vector and then visualized the localization ofATM; this negative regulation is important for

preventing apoptosis upon DNA damage [13]. These the GFP signal at 18–20 hr posttransfection before induc-
tion of apoptosis [12]. Although GFP was diffusely distrib-results suggest a role for Pin2/TRF1 in mitosis.

However, nothing is known about how Pin2/TRF1 is uted to whole cells both in interphase and mitotic cells,
GFP-Pin2 localized at telomeric nuclear speckles duringinvolved in mitotic progression. Here, we describe

a surprising physical interaction between Pin2/TRF1 interphase (Figure 1a,b; data not shown), as shown pre-
viously [1, 3, 13]. Surprisingly, in mitotic cells, GFP-Pin2and microtubules in a cell cycle-specific manner.

Both expressed and endogenous Pin2/TRF1 localized to the chromosome and also colocalized with the
mitotic spindle, as revealed by immunostaining with anti-proteins were localized to the mitotic spindle

during mitosis. Furthermore, Pin2/TRF1 directly tubulin monoclonal antibody (mAb) (Figure 1b). Since
neither GFP nor a GFP-Pin21–316 mutant was localized atbound microtubules via its C-terminal domain.

Moreover, Pin2/TRF1 also promoted microtubule the same structure (Figure 1a,b,d), these results indicate
that exogenously expressed Pin2 is specifically localizedpolymerization in vitro. These results demonstrate

for the first time a specific interaction between Pin2/ to the mitotic spindle in mitotic cells.
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in modulating the function of microtubules during ized to microtubules. Exponentially growing HeLa cells
mitosis. were fixed with methanol and then stained with anti-

tubulin mAb and affinity-purified anti-Pin2/TRF1 anti-Addresses: *Cancer Biology Program, Division of Hematology/
bodies [3, 15]. During interphase, at which time microtu-Oncology, Department of Medicine, Beth Israel Deaconess Medical

Center, Harvard Medical School, Boston, Massachusetts 02215, USA. bules localized to the cytoplasm, Pin2/TRF1 was localized
† Second Department of Pathology, Hamamatsu University School at nuclear telomeric speckles (Figure 2a), as shown pre-
of Medicine, Hamamatsu 431-3192, Japan.

viously [1, 3, 13]. However, in mitotic cells, Pin2/TRF1
again colocalized with microtubules to the mitotic spindleCorrespondence: Kun Ping Lu

E-mail: klu@caregroup.harvard.edu (Figure 2b). These data indicate that both exogenous
and endogenous Pin2/TRF1 specifically localizes to the

Received: 7 June 2001
mitotic spindle during mitosis.Revised: 15 August 2001

Accepted: 17 August 2001

Pin2/TRF1 directly binds microtubules via itsPublished: 2 October 2001
C-terminal domain
To determine whether cellular Pin2/TRF1 can bind mi-Current Biology 2001, 11:1512–1516
crotubules, HeLa cell lysates were incubated with Taxol-

0960-9822/01/$ – see front matter stabilized microtubules, and the binding of cellular Pin2/
 2001 Elsevier Science Ltd. All rights reserved.

TRF1 to microtubules was assayed by cosedimentation,
as described [15]. Pin2/TRF1 was cosedimented in a mi-
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Figure 1

GFP-Pin2 localizes to the mitotic spindle. (a)
GFP, (b) GFP-Pin2, (c) GFP-Pin2300–419, and
(d) GFP-Pin21–316 were separately transfected
into HeLa cells for 18–20 hr (before inducing
apoptosis), followed by staining microtubules
and DNA with anti-�-tubulin mAb and DAPI,
respectively. The colors refer to the following:
green, GFP or GFP-Pin2; red, microtubules
(MT); yellow, colocalization of the GFP and
microtubule signals; and blue, DNA.

crotubule-dependent manner (Figure 3a), suggesting an mented with microtubules (Figure 3c). In addition, we
found that GFP-TRF1 was also localized at the mitoticinteraction between cellular Pin2/TRF1 and microtu-

bules. To further confirm this interaction, GST-Pin2 was spindle when expressed in HeLa cells (data not shown).
These results indicate that both Pin2 and TRF1 proteinsincubated with Taxol-stabilized microtubules and sub-

jected to cosedimentation. GST-Pin2, but neither GST can directly bind to microtubules.
nor GST-Pin21–300, cosedimented, and this was observed
only in the presence of microtubules (Figure 3b). To To identify the Pin2/TRF1 domain that is responsible

for microtubule binding, we expressed Pin2, N-terminalexamine whether TRF1 also binds to microtubules, we
performed the microtubule cosedimentation experiments Pin21–316, and C-terminal Pin2300–419 as GFP fusion proteins

in HeLa cells, followed by cosedimentation with micro-using extracts of HeLa cells transiently expressing HA-
TRF1, HA-Pin2, and HA-Pin21–316. When pellets were tubules. Both Pin2 and Pin2300–419, but neither GFP nor

Pin21–316, cosedimented with microtubules (Figure 3d),subjected to immunoblotting with anti-HA mAb, both
HA-TRF1 and HA-Pin2 but not HA-Pin21–316 were cosedi- indicating that the microtubule binding domain is located
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Figure 2

Endogenous Pin2/TRF1 localizes to the
mitotic spindle. Exponentially growing HeLa
cells were fixed with methanol and doubly
stained with anti-Pin2/TRF1 antibodies and
anti-tubulin mAb. Images from (a) interphase
cells and (b) mitotic cells. The colors refer
to the following: red, the Pin2/TRF1 signal;
green, the microtubules signal; and yellow,
colocalization of Pin2/TRF1 and microtubule
signals.

at the C-terminal 119 amino acid fragment of Pin2. To examined the effects of Pin2/TRF1 on microtubule poly-
merization in vitro by incubating Pin2 proteins with puri-further demonstrate that this domain can indeed bind

microtubules in vivo, we expressed GFP-Pin21–316 and fied tubulin in a microtubule-stabilizing buffer and moni-
tored microtubule polymerization, as described [15].GFP-Pin2300–419 in HeLa cells and determined their local-

ization during mitosis. Neither GFP-Pin21–316 nor GFP- When GST-Pin2 was added at different concentrations,
the rate of turbidity change was markedly increased inPin2300–419 localized to chromosomes (Figure 1c,d). This is

as expected because Pin21–316 does not contain the telo- a concentration-dependent and time-dependent manner
(Figure 4a). These results were microscopically confirmedmeric DNA binding domain, whereas Pin2300–419 does not

contain the dimerization domain that is required for Pin2 by the formation of organized microtubule fibers (Figure
4b). In contrast, neither GST nor GST-Pin21–300 had anyto bind DNA, as shown previously [3, 4]. Importantly,

only Pin2300–419 but not Pin21–316 localized to the mitotic activity in promoting microtubule polymerization (Figure
4), which is consistent with their failure to bind microtu-spindle (Figure 1c,d), consistent with our findings that

only Pin2300–419 but not Pin21–316 bound microtubules in bules in vitro or in vivo (Figure 1d and 3d). These results
indicate that Pin2/TRF1 not only binds microtubules butvitro (Figure 3d). These results show that Pin2/TRF1

binds microtubules directly via its C-terminal 119 amino also promotes microtubule assembly in vitro.
acids.

Our current results demonstrate the cell cycle-specific
interaction between Pin2/TRF1 and the mitotic spindle,Pin2/TRF1 promotes microtubule polymerization in vitro

To investigate whether the interaction between Pin2/ and they also provide further evidence for a role of Pin2/
TRF1 in mitotic regulation. This is consistent with previ-TRF1 and microtubules affects microtubule function, we
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Figure 3

Pin2/TRF1 binds microtubules via its
C-terminal domain. (a) Cosedimentation of
cellular Pin2/TRF1 with microtubules. HeLa
cell lysates were incubated with Taxol-
stabilized microtubules (�MT) or control
buffer (�MT), followed by centrifugation.
Pellets were washed with microtubule-
stabilizing buffer and boiled in SDS-sample
buffer, followed by immunoblotting analysis
with anti-Pin2/TRF1 antibodies. (b) Direct
interaction of Pin2 and microtubules. Purified
GST, GST-Pin2 (Pin2), and GST-Pin21–300

(Pin21–300) proteins were cosedimented with
Taxol-stabilized microtubules (�MT) or
control buffer (�MT), followed by
immunoblotting analysis with anti-GST mAb.
Note that a 66 kDa band in Pin2 lane is a
degradation product. (c) Direct interaction of
TRF1 and microtubules. Extracts of HeLa cells
overexpressing HA-Pin2, HA-Pin21–316, or
HA-TRF1 were subjected to microtubule-
sedimentation experiments. Sediments were
analyzed by immunoblotting using anti-HA
mAb. These results indicate that both Pin2
and TRF1 can bind microtubules. (d) The C
terminus of Pin2/TRF1 binds microtubules.
GFP-Pin2, -Pin21–316, -Pin2300–419, and control
GFP vector were transfected into HeLa cells.
Cell lysates were subjected to
cosedimentation with Taxol-stabilized
microtubules (�MT) or control buffer (�MT),
followed by immunoblotting with anti-GFP
mAb.

ous studies linking telomeres to mitotic progression in or block in anaphase in Tetrahymena [17]. Further support
for a role of Pin2/TRF1 in mitotic progression comes fromother model systems. For example, the mutation or dele-

tion of the telomeric DNA sequence triggers mitotic entry our studies of the cell cycle-specific regulation of Pin2/
TRF1 function [3, 12, 13]. Pin2/TRF1 levels are strikinglyand apoptosis in Drosophila [16] or causes a severe delay
increased at the G2/M transition, followed by a decrease
as cells exit from mitosis [3]. Furthermore, overexpressionFigure 4
of Pin2/TRF1 induces mitotic entry, followed by apopto-
sis in cells containing short telomeres but not in cells
containing long telomeres due to sequestration of Pin2/
TRF1 by long telomeres [12]. Moreover, a Pin2/TRF1
point mutant that fails to bind telomeres still potently
induces mitotic entry and apoptosis, indicating that the
ability of Pin2/TRF1 to affect mitosis is dependent on
its cellular concentration but not on telomere binding
[12]. Significantly, the ability of Pin2/TRF1 to induce
mitotic entry and apoptosis is potentiated by nocodazole
[12] but is suppressed by ATM via phosphorylation [13].
These results together indicate that Pin2/TRF1 is specifi-
cally involved in mitotic regulation. At the present time,
we can only speculate how Pin2/TRF1 affects mitoticPin2/TRF1 promotes microtubule polymerization in vitro. (a) Various

concentrations of GST-Pin2 as indicated (�M) or 0.77 �M of GST- regulation. One possibility is that upon entry into mitosis,
Pin21–300 or GST proteins were separately incubated with purified at which time the breakdown of the nuclear envelope and
tubulin. The resulting microtubule assembly was measured by the increase in Pin2/TRF1 levels normally occur, Pin2/changes in the turbidity. The turbidity in the presence of 0.77 �M

TRF1 binds to microtubules. This interaction targetsPin2 at 10 min is defined as 100%. (b) The reaction mixtures were
transferred onto coverslips and stained by anti-tubulin mAb. Pin2/TRF1 to the mitotic spindle, where it may affect

the function of microtubules or other proteins on the
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essential for regulation of mitosis. Nature 1996, 380:544-mitotic spindle. This is consistent with the findings that
547.

Pin2/TRF1 promotes microtubule assembly in vitro (Fig- 3. Shen M, Haggblom C, Vogt M, Hunter T, Lu KP: Characterization
and cell cycle regulation of related human telomericure 4) and with our preliminary results showing that ex-
proteins Pin2 and TRF1 suggest a role in mitosis. Proc Natlpression of a dominant-negative Pin2/TRF1 mutant in Acad Sci USA 1997, 94:13618-13623.

ATM-negative cells restored their cell cycle checkpoint 4. Bianchi A, Smith S, Chong L, Elias P, de Lange T: TRF1 is a dimer
and bends telomeric DNA. EMBO J 1997, 16:1785-1794.defect in response to the microtubule-affecting drug noco-

5. Griffith J, Bianchi A, de Lange T: TRF1 promotes parallel pairing
dazole. Further experiments are needed to determine how of telomeric tracts in vitro. J Mol Biol 1998, 278:79-88.

6. Nishikawa T, Nagadoi A, Yoshimura S, Aimoto S, Nishimura Y:Pin2/TRF1 is involved in the regulation of microtubule
Solution structure of the DNA-binding domain of humanfunction during mitosis. telomeric protein, hTRF1. Structure 1998, 6:1057-1065.

7. Bianchi A, Stansel RM, Fairall L, Griffith JD, Rhodes D, de Lange T:
TRF1 binds a bipartite telomeric site with extreme spatialIn summary, we demonstrate that Pin2/TRF1 binds and
flexibility. Embo J 1999, 18:5735-5744.localizes to the mitotic spindle in addition to telomeres. 8. van Steensel B, de Lange T: Control of telomere length by the
human telomeric protein Trf1. Nature 1997, 385:740-743.Furthermore, Pin2/TRF1 directly binds microtubules via

9. Smogorzewska A, van Steensel B, Bianchi A, Oelmann S, Schaeferits C-terminal domain. Finally, Pin2/TRF1 promotes mi-
MR, Schnapp G, et al.: Control of human telomere length by

crotubule polymerization in vitro. These results demon- TRF1 and TRF2. Mol Cell Biol 2000, 20:1659-1668.
10. Ohyashiki JH, Hayashi S, Yahata N, Iwama H, Ando K, Tauchi T, etstrate for the first time that Pin2/TRF1 localizes to a

al.: Impaired telomere regulation mechanism by TRF1cellular structure other than telomeres and suggest that (telomere-binding protein), but not TRF2 expression, in acute
leukemia cells. Int J Oncol 2001, 18:593-598.Pin2/TRF1 may have a novel role in modulating microtu-

11. Okabe J, Eguchi A, Masago A, Hayakawa T, Nakanishi M: TRF1 isbule function in mitosis.
a critical trans-acting factor required for de novo telomere
formation in human cells. Hum Mol Genet 2000, 9:2639-2650.

12. Kishi S, Wulf G, Nakamura M, Lu KP: Telomeric protein Pin2/Materials and methods
TRF1 induces mitotic entry and apoptosis in cellsDNA construction containing short telomeres and is down-regulated in breast

Various GFP-Pin2 constructs were described previously [12]. To con- tumors. Oncogene 2001, 20:1497-1508.
struct GFP-Pin2300–419, GFP-Pin2 plasmid was digested by EcoRI and 13. Kishi S, Zhou XZ, Ziv Y, Khoo C, Hill DE, Shiloh Y, et al.: Telomeric
XmnI, followed by self-ligation. Various GST fusion proteins were ex- protein Pin2/TRF1 as an important ATM target in response

to double strand DNA breaks. J Biol Chem 2001, 276:29282-pressed in bacteria and purified, as described [18].
29291.

14. Young AC, Chavez M, Giambernardi TA, Mattern V, McGill JR, HarrisImmunostaining JM, et al.: Organization and expression of human telomere
Immunostaining was performed, as described previously [15]. In brief, repeat binding factor genes. Somat Cell Mol Genet 1997,
HeLa cells were transfected by pEGFP or various pEGFP-Pin2 con- 23:275-286.
structs and were fixed with methanol, followed by staining with the anti- 15. Nakamura M, Zhou XZ, Lu KP: Critical role for the EB1 and APC

interaction in the regulation of microtubule polymerization.�-tubulin mAb (Amersham) or affinity-purified anti-Pin2/TRF1 antibodies
Curr Biol 2001, 11:1062-1067.[3]. Although fixation with glutaraldehyde has been used to detect telo-

16. Ahmad K, Golic KG: Telomere loss in somatic cells ofmere localization of Pin2/TRF1, as shown previously [1, 3, 12], here we
drosophila causes cell cycle arrest and apoptosis. Genetics 1999,fixed the cells with methanol, because this fixation is an optimal and
151:1041-1051.standard procedure for visualizing microtubules and detecting localiza- 17. Kirk KE, Harmon BP, Reichardt IK, Sedat JW, Blackburn EH: Block

tion of proteins on microtubules, as shown previously [15, 19]. in anaphase chromosome separation caused by a
telomerase template mutation. Science 1997, 275:1478-1481.

18. Zhou XZ, Kops O, Werner A, Lu PJ, Shen M, Stoller G, et al.: Pin1-Microtubule binding and polymerization assays
dependent prolyl isomerization regulatesMicrotubule assembly assay was performed, as described [15, 20]. In
dephosphorylation of Cdc25C and tau proteins. Mol Cell 2000,brief, 0.77 �M various recombinant proteins were incubated with 13
6:873-883.

�M of purified bovine tubulin (Cytoskeleton) in 20 �l of microtubule- 19. Oka MT, Arai T, Hamaguchi Y: Different reactivity with
stabilizing buffer containing 1 mM GTP, 1 mM MgCl2, and 10% glycerol monoclonal anti-tubulin antibodies between native and fixed
at 30�C, followed by measuring changes in turbidity every 6 s. For mitotic microtubules in sea urchin eggs. Cell Motil Cytoskeleton
microtubule binding assay, whole cell lysates were prepared from HeLa 1994, 29:241-249.
cells or A-T cells using the lysis buffer containing 300 mM NaCl and 20. Lu PJ, Wulf G, Zhou XZ, Davies P, Lu KP: The Prolyl isomerase

Pin1 restores the function of Alzheimer-associated0.5% Triton X-100. These whole-cell extracts or recombinant proteins
phosphorylated tau protein. Nature 1999, 399:784-788.were incubated with Taxol-stabilized microtubules, followed by centrifu-

gation at 35,000 rpm for 20 min. Pellets were washed by microtubule-
stabilizing buffer and boiled in SDS-sample buffer, followed by immu-
noblotting analysis with anti-Pin2/TRF1 or -GST antibodies (Santa Cruz),
as described [15, 20].
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