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A critical role for TPP1 and TIN2 interaction in
high-order telomeric complex assembly
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Mammalian telomeric proteins function through dynamic interac-
tions with each other and telomere DNA. We previously reported
the formation of a high-molecular-mass telomeric complex (the
mammalian telosome) that contains the six core proteins TRF1,
TRF2, RAP1, TIN2, POT1, and TPP1 (formerly named PTOP/PIP1/
TINT1) and mediates telomere end-capping and length control. In
this report, we sought to elucidate the mechanism of six-protein
complex (or shelterin) formation and the function of this complex.
Through reconstitution experiments, we demonstrate here that
TIN2 and TPP1 are key components in mediating the six-protein
complex assembly. We demonstrate that not only TIN2 but also
TPP1 are required to bridge the TRF1 and TRF2 subcomplexes.
Specifically, TPP1 helps to stabilize the TRF1-TIN2-TRF2 interaction
and promote six-protein complex formation. Consistent with this
model, overexpression of TPP1 enhanced TIN2-TRF2 association.
Conversely, knocking down TPP1 reduced the ability of endoge-
nous TRF1 to associate with the TRF2 complex. Our results suggest
that coordinated interactions among TPP1, TIN2, TRF1, and TRF2
may ensure robust assembly of the telosome, telomere targeting
of its subunits, and, ultimately, regulated telomere maintenance.
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M ammalian telomeres are regulated by the telomerase and
telomeric proteins (1-6). Among the telomere-associated
proteins important for mammalian telomere homeostasis, POT1
is likely the major regulator of telomere length control (7-9).
POT1 binds the 3’ G-rich telomere overhangs through its
oligonucleotide-binding folds (7, 10, 11) and may regulate te-
lomerase access (12-14). The telomere recruitment of POT1
thus constitutes an important step in telomere end-capping and
length control. Recently, a new telomeric protein TPP1 (previ-
ously PTOP/PIP1/TINT1) was identified as a regulator of
POT1 (9, 15, 16). The telomeric targeting of POT1 depends on
its interaction with TPP1 (9). It remains to be determined how
TPP1 interacts with other telomeric proteins and whether TPP1
has any function other than targeting POT1.

In contrast to POT1, TRF1 and TRF2 directly bind double-
stranded telomere DNA and interact with a number of proteins
to maintain telomere structure and length (1-5). It has been
shown that TRF1 counts and controls the length of telomere
repeats, probably through its interaction with TIN2, Tankyrase,
PINX1, TPP1, and POT1 (7, 9, 12, 15, 17-24). In comparison,
TRF2 has an essential role in end protection and the telomeric
recruitment of several proteins, including the BRCA1l C-
terminal domain-containing protein RAP1, the nucleotide ex-
cision repair protein ERCC1/XPF, BLM, and the DNA repair
MRN complex (24-31). Because of their abilities to interact with
multiple proteins, TRF1 and TRF2 are by definition hubs of
protein—protein interaction at the telomeres (32). Recent studies
have established multiple pairwise interactions among the six
telomeric proteins (TRF1, TRF2, RAPI1, TIN2, POTI, and
TPP1), including the association of TIN2 with both TRF1 and
TREF2 (16, 33-35). In fact, the six proteins could be copurified in
mammalian cells in a large-molecular-mass complex referred to
as the mammalian telosome/shelterin (16, 32-36)
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The physical link between TRF1 and TRF2 suggests coordi-
nated and integrated signals in telomere maintenance. The
connectivity between TRF1 and TRF2 appeared vital for telo-
mere maintenance, because reducing TRF1 levels also resulted
in decreased TRF2 telomere localization (37). Moreover, POT1
is most likely one of the initiators of telomere maintenance
activity mediated by the telosome. Information regarding the
state and length of the telomere ends can be transmitted from
TRF1 and TRF2 to POT1 through their interaction within the
complex. The assembly and function of the mammalian telo-
some, and, in particular, the roles and contribution of individual
core proteins remain largely unknown. Here we investigated the
mechanism of telosome assembly through reconstitution and
fractionation experiments. Our findings indicate that the six
telomeric proteins are sufficient to form a large complex. Both
TPP1 and TIN2 are essential mediators of this process. In
addition, the TPP1-TIN2 interaction regulates the bridging
between TRF1 and TRF2 and promotes and stabilizes the
assembly of high-order telomeric complexes.

Results

TIN2 and TPP1 Are Key Components that Mediate the Six-Protein
Complex Assembly. Among the six telomeric proteins, multiple
pairwise interactions have been demonstrated (summarized in
Fig. 1la). What is the contribution and significance of each
interaction to telosome assembly?

To address this question, we assessed the individual contri-
bution of the six proteins in a reconstitution experiment by
transiently expressing epitope-tagged telomere proteins in 293T
cells. In this system, transiently expressed exogenous proteins
were in vast excess (10- to 100-fold) compared with endogenous
proteins (data not shown). As a result, the protein—protein
interactions assayed occurred primarily between exogenously
expressed proteins.

Consistent with the six-protein complex model, immunopre-
cipitation of V5-RAP1 brought down FLAG-tagged POTI,
TRF1, TRF2, TIN2, and GFP-tagged TPP1 (Fig. 1b, lane 1).
With RAP1 as the anchor, we then assayed how the six-protein
complex assembly might be affected when the remaining com-
ponents were individually removed. As expected, in the absence
of TRF2, the association of RAP1 with the other four telomeric
proteins was disrupted (Fig. 1b, lane 3). Furthermore, POT1
appeared dispensable for the formation of the TRF2, RAPI,
TIN2, TPP1, and TRF1 complex (lane 6). Similar results were
also obtained for TRF1, because the remaining five proteins
were able to complex without TRF1 (lane 2).

The most striking results were obtained when either TPP1 or
TIN2 was omitted from the reaction. The complex completely
failed to form when TIN2 was excluded (which added further
proof that endogenous proteins were not affecting this assay)
(Fig. 1b, lane 4). When TPP1 was absent (Fig. 1b, lane 5), TRF1

Conflict of interest statement: No conflicts declared.

*To whom correspondence may be addressed. E-mail: songyang@bcm.tmc.edu or
danl@bcm.tmc.edu.

© 2006 by The National Academy of Sciences of the USA

www.pnas.org/cgi/doi/10.1073/pnas.0605303103



Lo L

P

1\

=y

a POT1

GFP-TPP1 (S

FLAG-POT! T
FLAG-TRF1 I )
FLAG-TIN2

FLAG-TRF2

V5-RAP1 (@ ww—] e
123456 123456

P WCE

Fig.1. TPP1andTIN2 are key components that mediate six-protein complex
formation. (a) A schematic representation of known pairwise interactions
between known mammalian telomere proteins (Left) and a possible model of
interactions in the six-protein complex (Right). Known pairwise interactions:
TRF1-TRF1 (44), TRF1-TIN2 (18), TIN2-TPP1 (9, 16), POT1-TPP1 (9, 15), TRF2-
TIN2 (16, 33-35), TRF2-TRF2 (45), TRF2-RAP1 (25), and POT1-TRF2 (46). Dashed
lines indicate weak interactions. (b) TPP1 and TIN2 regulate six-protein com-
plex assembly. Expression constructs encoding V5-RAP1 were cotransfected
into 293T cells with either all five expression vectors encoding FLAG-POT1,
FLAG-TIN2, FLAG-TRF1, FLAG-TRF2, and GFP-TPP1 or any four of the five
vectors. Approximately 3 ug of DNA was transfected for each construct. Two
days after transfection, whole-cell extracts were prepared and immunopre-
cipitated (IP) with anti-V5 antibodies. Coimmunoprecipitated proteins were
detected by Western blotting by using anti-TPP1 antibodies (for GFP-TPP1)
and the appropriate anti-epitope tag antibodies (FLAG and V5).

no longer coimmunoprecipitated with TRF2, and the levels of
TIN2 and POT]1 that associated with TRF2 were greatly re-
duced. The importance of TPP1 and TIN2 in six-protein complex
formation was further confirmed by using V5-TRF2 as an
alternative anchor (data not shown). We did observe a reduction
of POT1 levels in the absence of TPP1. However, this lower
level of POT1 could not account for the loss of TRF1 and
decrease of TIN2 in the RAP1 complex, because the absence of
POT1 did not disrupt high-order complex formation (Fig. 1b,
lane 6). The above findings support the notion that TPP1 and
TIN2 are critical for six-protein complex assembly and that the
bridging between the TRF1 and TRF2 subcomplexes may be
impaired in the absence of either TPP1 or TIN2.

Identification of Two Distinct POT1-Containing Complexes. POT1
recruitment to the telomeres depends on TPP1 (9). When TPP1
was removed in the reconstitution experiments, interactions
between POT1 and other components of the six-protein complex
were indeed severely affected (Fig. 1b, lane 5). However, a small
amount of POT1 was able to complex with RAP1, TRF2, and
TIN2. To further investigate the physiological relevance of this
finding, we analyzed endogenous POT1 protein complexes using
HeLa cell nuclear extracts. Consistent with our reconstitution
experiments, endogenous POT1 could be found in two major
fractions on the DEAE ion-exchange column (Fig. 2 @ and b).
The 0.2-0.4 M KCI fraction II contains POT1, TRF1, TRF2,
TIN2, RAP1, and TPP1 (Fig. 2b). The majority of TIN2 and
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Fig.2. Twodistinct POT1-containing protein complexes exist in human cells.
(a) Hela cell nuclear extracts (HeLa NE) were fractionated on a DEAE ion-
exchange column. The bound proteins were eluted with increasing concen-
trations of KCl. The two main fractions (I and Il) that contained telomeric
proteins were then further fractionated on a gel filtration column. (b) Frac-
tions from the DEAE column were collected and resolved by SDS/PAGE.
Telomeric proteins were detected through Western blotting by using various
antibodies as indicated. “Flow"’ indicates flow through. (c) Fraction | from the
DEAE column was fractionated on a gel filtration column. Telomeric proteins
at individual fractions (fractions 18-31) were detected through Western
blotting with different antibodies as indicated. The majority of telomeric
proteins were coeluted at ~500 kDa (indicated by the box). Molecular masses
of the gel-filtration standards are indicated.

TPP1 were eluted in this fraction. Through gel filtration, we
confirmed that fraction II corresponds to the high-molecular-
mass mammalian telosome (~1 MDa) described previously (9).
Interestingly, fraction I (which eluted at 0.1-0.2 M KCI) con-
tained barely detectable amounts of TPP1 (Fig. 2b), suggesting
that this is a distinct POT1-containing complex. Indeed, upon
further fractionation of fraction I on a gel filtration column,
POT1 was found to elute in a smaller complex (=500 kDa) (Fig.
2c). Notably, TRF2, RAP1, and a small amount of TIN2 were
also coeluted with POT1 in this fraction, indicating that POT1,
RAPI1, TRF2, and TIN2 can indeed form a complex. Impor-
tantly, this POT1 complex found in fraction I of the DEAE
column mirrors the four-protein complex formed in the 293T
reconstitution experiments (Fig. 1b, lane 5). These findings
indicate the existence of two POT1 complexes in mammalian
cells: one that contains all six telomeric proteins and one that
does not contain TPP1. Our results so far point to an essential
role for TPP1 in the formation and function of higher-molecular-
mass telomeric complexes. The possible functional differences of
the complex without TPP1 and the six-protein complex are quite
intriguing and merit further investigation.

TPP1 Promotes Higher-Order Complex Formation Through TIN2.
Within the six telomeric proteins, TIN2-TRF2 association es-
tablishes the TRF1-TIN2-TRF?2 link and connects TRF1 to the
TRF2 subcomplex (16, 33-35). Interestingly, in the absence of
TPP1, TRF2 could no longer coimmunoprecipitate with TRF1,
and its ability to coimmunoprecipitate with TIN2 (but not other
telomere proteins) decreased by ~70% (Fig. 1b). These findings
imply that TIN2-TRF2 or TIN2-TRF1 interaction alone is
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Fig. 3. TPP1 promotes the interaction between TIN2 and TRF2. (a) TPP1

directly binds TIN2 but not TRF2. Expression vectors encoding V5-TRF2 were
cotransfected into 293T cells, with expression vectors encoding FLAG-TIN2
(lane 1), both FLAG-TPP1 and FLAG-TIN2 (lane 2), or FLAG-TPP1 (lane 3).
Approximately 3 ug of DNA was transfected for each construct. Whole-cell
extracts were immunoprecipitated with anti-V5 antibodies and blotted with
anti-FLAG-HRP antibodies. (b) TPP1 promotes interaction between TIN2 and
TRF2. 293T cells were transiently transfected with expression vectors for
V5-TRF2 (3.3 pg) or V5-TRF1 (4.5 ng) in combination with FLAG-TIN2 (1.5 ng)
and increasing amounts of C-terminally tagged FLAG-TPP1 (0, 0.7, 2.4, and 5.6
ng for TRF2, and 0, 0.7, and 2.4 pg for TRF1). The TPP1 deletion mutant
TPP1AC22 (2xFLAG-tagged at both termini) (5 ng) was also used as a control
for TPP1.2XFLAG-TPP1and FLAG-TPP1 behaved similarly in these experiments
(data notshown). Anti-V5immunoprecipitates from lysates of these cells were
resolved by SDS/PAGE and Western-blotted with anti-FLAG-HRP or anti-V5-
HRP antibodies. (c) TPP1 promotes TIN2-TRF2 interaction in insect cells. Sf9
cells were coinfected with His-TRF2 and His-TIN2 baculoviruses along with
increasing amounts of His-TPP1 viruses. Three days after infection, His-TRF2
was pulled down from insect cell extracts with anti-TRF2 antibodies. Extracts
expressing TIN2 and TPP1 without His-TRF2 were used as controls (Mock IP). In
the input whole-cell extracts there is a TRF2 antibody cross-reactive band.
His-TIN2 or TPP1 proteins were detected with anti-TIN2 or anti-TPP1 antibod-
ies. MOI, multiplicity of infection.

insufficient to trigger six-protein complex formation. We there-
fore speculated that TPP1 might promote TIN2-TRF2 and
TRF1-TIN2-TRF2 association, leading to proper high-order
telomeric complex assembly.

First, we investigated the function of TIN2 and TPP1 by
examining the interactions of TRF2, TIN2, and TPP1 in tran-
sient transfection experiments. Consistent with our hypothesis,
we could not detect direct interaction between TRF2 and TPP1
(Fig. 3a), but TPP1 coimmunoprecipitated together with TIN2
and TRF2, indicating the formation of a TPP1-TIN2-TRF2
complex. With increasing amounts of TPP1 (although the total
amounts of TIN2 and TRF2 remained constant), the amount of
TIN2 that associated with TRF2 increased as well (Fig. 3b). In
contrast, when TRF2 was replaced with TRF1, binding of TRF1
to TIN2 was unaltered by changes in the amount of TPP1,
confirming the specific role of TPP1 in promoting TRF2-TIN2
association (Fig. 3b). Furthermore, we demonstrated that TPP1
could promote TIN2-TRF2 binding by using recombinant
TRF2, TIN2, and TPP1 proteins from insect cells. As shown in
Fig. 3c, enhanced association of His-tagged TRF2 with TIN2 was
observed with increased coexpression of TPP1, consistent with
the notion that TPP1 directly regulates TIN2-TRF?2 interaction.
These data also ruled out the possible involvement of endoge-
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Fig.4. TPP1regulates TRF1 association with the TRF2/RAP1 complex in vivo.
(a) Design of the pRetro-dual RNAi vector for TPP1 knockdown. TPP1 RNAi
oligos were cloned between the head-to-head-positioned U6 and H1 promot-
ers. (b) Reducing endogenous TPP1 levels by RNAi decreases TRF1 recruitment
to the TRF2/RAP1 complex. (Left) Nuclear extracts (420 mM KCl extracted)
were prepared from HT1080 cells that were transfected with pRetro-dual
control and TPP1 RNAI vectors. The extracts were resolved by SDS/PAGE and
Western-blotted with the indicated antibodies. The anti-Histone H1 antibody
was used as a loading control (note that the siTPP1 #7 lane was slightly
underloaded). (Right) Nuclear extracts from HT1080 cells expressing pRetro-
dual siTPP1 #1 and siTPP1 #7 were immunoprecipitated with anti-RAP1 anti-
bodies, and Western-blotted with anti-RAP1 and anti-TRF1 antibodies.

nous proteins in our experiments using 293T cells. In the absence
of TPP1, we found little or no incorporation of TRF1 into the
RAP1-TRF2 complex (Fig. 1b, lane 5), suggesting that TPP1
may stabilize the TRF1-TIN2-TRF2 three-protein complex
through its regulation of TIN2-TRF2 interaction.

Our data so far support the model that TPP1 acts as an
essential component of the six-protein complex by regulating
TIN2-TRF2 interaction and the connectivity of TRF1 and TRF2
subcomplexes. Without TPP1, the formation of the TRFI1-
TIN2-TRF2 complex may be impaired. We previously showed
altered telomeric localization of POT1 in TPP1 knockdown cells
(9). However, the siRNA oligonucleotides (oligos) used previ-
ously only led to significant TPP1 knockdown in ~50% of the
cells, preventing us from performing biochemical analyses of
TPP1 function in six-protein complex assembly. To achieve this
goal, we generated and optimized a dual-promoter RNAI vector
for screening oligos against TPP1 (Fig. 4a) (see Materials and
Methods).

We found three RNAIi vectors to substantially (70-90%)
knockdown TPP1 after their transfection into HT1080 cells (Fig.
4b). The TPP1 RNAI cells grew more slowly than did control
cells (data not shown). The phenotypes of these cells with regard
to cell cycle and telomere end capping currently require addi-
tional investigation. Interestingly, the level of RAP1-assocaited
TRF1 was reduced by ~80% in TPP1 knockdown cells (Fig. 4¢),
suggesting a key role of TPP1 in six-protein complex assembly
and in regulating the connectivity between the TRF1 and TRF2
complexes in vivo.

TPP1 Promotes Six-Protein Complex Formation Through Its Interaction
with TIN2. The data thus far indicate that both TPP1 and TIN2
are necessary for six-protein complex formation. Because TPP1
interacts with TIN2 directly (16, 33-35), the TPP1-TIN2 asso-
ciation may be coupled to six-protein complex assembly. Our
deletional analyses in yeast indicated that the C-terminal half of
TPP1 mediated its interaction with TIN2 (9). In fact, deletion of
either the C terminus (TPP1AC) or just the last 22 residues of

O’Connor et al.
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Fig.5. The extreme Cterminus of TPP1is required for direct TPP1-TIN2 interaction and enhanced TIN2-TRF2 association. (a) The last 22 aa of TPP1 are required
for TPP1-TIN2 interaction in human cells. Whole-cell extracts from HT1080 cells expressing various FLAG-tagged TPP1 and TPP1 mutants (TPP1ACand AC22) were
immunoprecipitated with anti-FLAG M2 antibodies. Endogenous POT1 or TIN2 was detected by Western blotting with anti-POT1 or anti-TIN2 antibodies. (b)
TPP1AC22 no longer localizes to the telomeres. The telomere localization of FLAG-tagged wild-type or mutant TPP1 was analyzed by indirect immunofluores-
cence. The cells were doubly permeabilized and costained with anti-FLAG and anti-TRF2 antibodies. (c) TPP1-TIN2 mediated six-protein complex assembly is
necessary for telomere length maintenance. Expression of TPP1AC22 but not TPP1 in HT1080 cells resulted in telomere elongation. Mean telomere restriction
fragment length in control (vector alone) HT1080 cells and those expressing TPP1 or TPP1AC22 were plotted against population doublings. (d) A schematic
representation of the six-protein complex assembly model. Overexpression of TPP1AC22 disrupts telosome assembly and favors the formation of subcomplexes

containing TIN2-TRF2-RAP1, POT1-TPP1AC22, or TIN2-TRF1.

TPP1 (TPP1AC22) was sufficient to eliminate TIN2-binding
(but not POT1-binding) in yeast (data not shown) (7-9) and in
mammalian cells (Fig. 5a). Furthermore, TPP1AC22 no longer
localized to telomeres (Fig. 5b), consistent with previous obser-
vations that demonstrated that TIN2 mediated the telomere
targeting of TPP1 (16),

How does the disruption of TPP1-mediated six-protein com-
plex formation affect telomere maintenance? We reasoned that
the inability of TPP1AC22 to promote six-protein complex
assembly might affect telomere length control. To examine this
possibility, we determined the average telomere length in
HT1080 cells expressing TPP1 and TPP1AC22. As shown in Fig.
Sc, expression of TPP1AC22 but not TPP1 resulted in elongated
telomeres. These data indicate that TPP1-TIN2 interaction
regulates the formation of the six-protein complex necessary for
telomere length control.

Collectively, our findings suggest possible cooperativity in
TRF1-TIN2-TRF2-TPP1 complex formation and imply that
the interaction between the TRF1 and TRF2 protein hubs, a key
connection in the assembly and chromatin targeting of high-
order telomeric complexes, may be stimulated by the het-
erodimerization of TIN2 and TPP1.

Discussion

Recent advances in elucidating the interaction and function of
key telomeric proteins have allowed a better understanding of
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the intricacies of the mammalian telosome/shelterin that regu-
lates telomere maintenance. At its core is the six-protein com-
plex made up of TIN2, TRF1, TRF2, RAP1, TPP1, and POT1.
Because of its ability to bind both TRF1 and TRF2, TIN2 is
emerging as a key player in telomere chromatin formation (16,
33-35). Removal of TIN2, as done in our reconstitution exper-
iments (Fig. 1), leads to the elimination of the bridge between the
TRF1 and TRF2 subcomplexes. Surprisingly, TIN2-TRF2 in-
teraction alone appeared to be insufficient to initiate TRF1
recruitment and six-protein complex formation. Given that TIN2
can bind either TRF1 or TRF2, TIN2-TRF1 and TIN2—TRF2
may in fact exist in separate subcomplexes. Our study has
revealed that TPP1 also is a critical regulator of telomeric
protein—protein interactions. By virtue of its interaction with
TIN2, TPP1 stabilizes the TIN2-TRF2 and TRF1-TIN2-TRF2
interactions, stimulates the connection between the TRF1 and
TREF2 subcomplexes, and promotes telosome assembly.

In budding yeast, telomeric proteins are packed into nuclease-
resistant telosome structures (38). Whether the mammalian
telomeric proteins and telomere DNA complex also can form
into nuclease-resistant structures remains to be elucidated. The
exact identities of the subunits of the mammalian telosome
probably differ from the yeast telosome, because homologues of
several mammalian telomeric proteins have yet to be found in
budding yeast. Mammalian telosomes may very well act as key
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molecular machineries that regulate mammalian telomeres in a
coordinated fashion. Our experiments here have highlighted the
importance of TPP1-TIN2 interaction in six-protein complex
function and represent a noteworthy step toward the under-
standing of this dynamic and complicated process.

How does TPP1-TIN2 interaction regulate TIN2-TRF2 bind-
ing? Our data are consistent with a direct role for TPP1 in
regulating telosome stability. We speculate that the answer may
at least partly lie in the structure of TIN2. The N-terminal half
of TIN2 is predicted to have high helical contents and conserved
throughout evolution (data not shown). This region interacts
with TPP1 (D.L. and Z.S., unpublished data) and TRF2 (16, 33).
C-terminal to this TIN2 region is the TRF1-binding domain (18).
It is possible that TPP1 binding of TIN2 may stabilize or alter the
conformation of TIN2, which in turn enhances TIN2-TRF2
interaction and enables TIN2 to simultaneously interact with
both TRF2 and TRF1 (Fig. 5d).

What are the consequences of a stabilized link between TRF1
and TRF2? We think that the structural unit that contains TPP1,
TIN2, TRF1, and TRF2 may have increased affinity for telo-
meric DNA, as observed for TRF1 (39). Several lines of evidence
support this notion. First, multivalent interactions are known to
enhance affinity, and in this case both TRF1 and TRF2 can bind
telomeres. Second, recent studies suggest that the interaction of
TRF1 and TRF2 with the telomere is in fact extremely dynamic.
For example, Mattern et al. (40) demonstrated via fluorescence
recovery after photobleaching that one fraction of GFP-TRF2
is bound more tightly to the telomeres, whereas GFP-TRF1 and
the majority of GFP-TRF2 exhibited fast-off kinetics (<10 s) in
live cells (40), a surprising result given the prevailing notion that
TRF1 and TRF2 tightly bind to telomeres. This tightly bound
TRF?2 fraction may represent the six-protein complex, which may
be stabilized by TPP1-TIN2 interaction. Finally, in TRF1-
knockout mouse ES cells, TRF2 telomere localization was also
impaired (37). This observation suggests that TRF2 requires
TRF1 for stable telomere association and supports the model
that the six-protein complex is one of the functional complexes
that regulate telomere localization of multiple telomeric
proteins.

What is the functional significance of TPP1-TIN2-mediated
six-protein complex assembly? We would like to propose the
following model (Fig. 5d). TRF2 and RAP1 form a stable
subcomplex that weakly associates with TIN2. TRF1 and TIN2
are in a different stable subcomplex that does not interact with
TRF2. Through direct interaction with TIN2, TPP1 promotes
TIN2-TRF2 binding and stimulates TRF1-TIN2-TRF2 connec-
tivity. This network of interactions ensures proper targeting of
the business end of the six-protein complex, POT1, and allows
the regulation of telomere length and end-capping. TPP1 may
have additional function, such as modulating the stability of
TRF2. It is clear, however, that the ability of TPP1 to bind TIN2
and promote TRF1-TIN2-TRF2 complex formation is an es-
sential function of TPP1. The TPP1-TIN2 interaction has a
two-pronged effect: telomeric targeting of POT1 and signaling
for high-order telomeric complex assembly. This model predicts
that perturbations in the six-protein complex and its components
would result in the disruption of telomere maintenance. Indeed,
knockdown or inactivation of any of the six telomeric proteins,
including TPP1 (15, 30, 34, 41), led to misregulated telomere
length and/or telomere end protection. The six-protein complex
thus forms the basic platform on which layers of telomere
signaling networks can be assembled into the telomere interac-
tome (32) for the proper protection and maintenance of mam-
malian telomeres.

Materials and Methods

Expression Constructs and Antibodies. For generating stable cell
lines, singly or doubly FLAG-tagged full-length human TPP1
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and its deletion mutants TPP1AC22 (residues 1-522) and
TPPIAC (residues 1-337) were cloned into a pBabe-based
retroviral vector. For expression in 293T cells, full-length POT1,
TPP1, RAP1, TIN2, TRF1, or TRF2 were cither cloned into the
pCL vector (FLAG-tagged) or TOPO-cloned into pcDNA3.1 or
pcDNA3.1-C-GFP (Invitrogen, Carlsbad, CA) to generate V5-
or GFP-tagged fusion proteins. For insect cell expression, His-
TPP1, His-TIN2, or His-TRF2 baculoviruses were produced by
using the Blue-Bac baculovirus kit (Invitrogen).

The following antibodies were used: anti-V5 and anti-GFP
(ChemiCON, Temecula, CA); anti-histone H1 (a generous gift
from Estela Medrano, Baylor College of Medicine, Houston,
TX); anti-FLAG M2 (Sigma, Lenexa, KS); anti-TRF2 (CalBio-
chem, San Diego, CA); anti-hRAP1 (30); anti-TIN2 and anti-
TPP1 (9); goat anti-TRF1 (Bethyl Laboratories, Montgomery,
TX); and anti-TRF1 (17) and POT1 (12) (gifts from Titia de
Lange, The Rockefeller University, New York, NY). Anti-
FLAG M2 antibody agarose beads (Sigma) and HRP-conjugated
anti-V5 antibody (Bethyl Laboratories) also was used for im-
munoprecipitation and Western blotting, respectively.

Immunoprecipitation, Western Blot, and Immunofluorescence. For
six-protein complex reconstitution and interaction studies, 293T
or HT1080 cells were cotransfected with plasmids encoding
various telomeric proteins in different combinations. At 48 h
after transfection, the cells were harvested and extracted with a
high-salt-concentration buffer (20 mM Hepes, pH 7.9/420 mM
KCl/0.1 mM EDTA/5 mM MgCl,/0.2%Nonidet P-40/1 mM
DTT/0.2 mM PMSF/25% glycerol) (12). The extracts were then
dialyzed in a low-concentration salt buffer (20 mM Hepes, pH
7.9/100 mM KCl1/0.1 mM EDTA/1 mM DTT/0.5 mM PMSF/
25% glycerol) (12). Subsequent immunoprecipitation and West-
ern blotting with appropriate antibodies were carried out as
previously described (9).

Indirect immunofluorescence was performed as described
previously (30). FLAG-tagged proteins and endogenous TRF2
(an indicator of telomere localization) were detected with anti-
FLAG and anti-TRF2 antibodies followed by secondary anti-
bodies. Fluorescence microscopy was performed on a Nikon
(Melville, NY) TE200 microscope equipped with a Coolsnap-fx
charge-coupled device camera.

Fractionation of Telomere-Associated Complexes. Chromatographic
experiments were performed as previously described (9).
Briefly, HeLa cell nuclear extracts were fractionated on an
AKTA DEAE-Sepharose ion-exchange column (Amersham
Pharmacia, Pittsburgh, PA) equilibrated with buffer A (50 mM
Hepes, pH 7.5/0.2 mM EDTA/0.5 mM DTT/0.2 mM
PMSF/5% glycerol) containing 100 mM KCI. Bound proteins
were step-eluted with increasing concentrations of KCI (200-
1,000 mM) in buffer A. The fractions from this column were then
loaded on a Superose 6 HR 10/30 gel filtration column. The
resulting fractions from the DEAE or gel filtration column were
resolved by SDS/PAGE and probed with various antibodies as
appropriate.

Binding Assays Using Insect Cell Expression Systems. Sf9 cells (=5 X
10°) were coinfected with His-TRF2, His-TIN2, and increasing
amounts of His-TPP1 baculoviruses. At 3 days after infection,
the cells were collected, lysed in 1X NETN buffer (20 mM Tris,
pH 8/1 mM EDTA/90 mM NaCl/0.5% NP-40), and incubated
with anti-TRF2 antibody (ChemiCON) (3.5 ng) followed by
protein G agarose beads (Santa Cruz Biotechnology, Santa
Cruz, CA) for 2 h at 4°C. Cells not infected with His-TRF2 were
used controls. The eluted proteins were resolved by SDS/PAGE
and blotted with anti-TIN2 antibodies.

O’Connor et al.
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RNAi Knockdown of TPP1. To analyze the effects of TPP1 knock-
down, we designed a vector system (pRetro-dual) based on the
dual-promoter RNAi approach (42). Briefly, TPP1-specific
RNAI oligos were cloned between the head-to-head positioned
U6 and H1 promoters. This dual promoter RNAI cassette is then
cloned into the 3" ALTR (with the enhancer deleted) of the
retroviral vector. After retroviral infection, two copies of the
RNAI cassette will be integrated into the target genome, result-
ing in more efficient RNAIi. The vector also contains a puro-
mycin-resistance marker for the establishment of stable cells.
These RNAI vectors also are suitable for transient transfection
experiments.

The pRetro-dual vectors require shorter and fewer DNA oligo
sequences. To identify the optimal knockdown sequences for
TPP1, several vectors that cover different regions of the target
gene were constructed. Of these constructs, we found three
vectors (oligo 1, 5'-GACGTCAAAAACCAAGACTTAGAT-
GTTCAGAATTTTTAGATCT-3'; oligo 3, 5'-GACGTCAA-
AAACTCTGAGAATGACCAGCTAATTTTTTAGATCT-
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