
Mitochondrial Localization of Telomeric Protein TIN2 Links
Telomere Regulation to Metabolic Control

Liuh-Yow Chen2,^,#, Yi Zhang2,^, Qinfen Zhang1, Hongzhi Li5,6, Zhenhua Luo1, Hezhi Fang6,
Sok Ho Kim7, Li Qin4, Patricia Yotnda3, Jianmin Xu4, Benjamin P. Tu7, Yidong Bai6, and
Zhou Songyang1,2,*

1Key Laboratory of Gene Engineering of the Ministry of Education and State Key Laboratory for
Biocontrol, School of Life Sciences, Sun Yat-sen University, Guangzhou, China, 510275
2Verna and Marrs Department of Biochemistry and Molecular biology; One Baylor Plaza,
Houston, TX 77030
3Center for Cell and Gene Therapy; One Baylor Plaza, Houston, TX 77030
4Department of Molecular and Cellular Biology, Baylor College of Medicine, One Baylor Plaza,
Houston, TX 77030
5Zhejiang Provincial Key Laboratory of Medical Genetics, School of Laboratory Medicine and Life
Science, Wenzhou Medical College, Wenzhou, 325035, China
6Department of Cellular and Structural Biology, University of Texas, San Antonio, TX 78229
7Department of Biochemistry, UT Southwestern Medical Center, Dallas, TX 75390

Summary
Both mitochondria, which are metabolic powerhouses, and telomeres, which help maintain
genomic stability, have been implicated in cancer and aging. However, the signaling events that
connect these two cellular structures remain poorly understood. Here we report that the canonical
telomeric protein TIN2 is also a regulator of metabolism. TIN2 is recruited to telomeres and
associates with multiple telomere regulators including TPP1. TPP1 interacts with TIN2 N-
terminus, which contains overlapping mitochondrial and telomeric targeting sequences, and
controls TIN2 localization. We have found that TIN2 is post-translationally processed in
mitochondria, and regulates mitochondria oxidative phosphorylation. Reducing TIN2 expression
by RNAi knockdown inhibited glycolysis and reactive oxygen species (ROS) and production, and
enhanced ATP levels and oxygen consumption in cancer cells. These results suggest a link
between telomeric proteins and metabolic control, providing an additional mechanism by which
telomeric proteins regulate cancer and aging.
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Introduction
Telosome/shelterin, a six-protein complex consisting of TRF1, TRF2, TPP1, RAP1, TIN2,
and POT1, has been shown to associate with mammalian telomeres and regulate telomere
function (de Lange, 2005; Liu et al., 2004a). For example, TPP1 binds to POT1 to recruit
and stimulate telomerase activity (Abreu et al., 2010; Tejera et al., 2010; Wang et al., 2007;
Xin et al., 2007). And TIN2 bridges double- and single-stranded DNA binding activities by
interacting with TRF1, TRF2, and TPP1 (Hockemeyer et al., 2007; Houghtaling et al., 2004;
Kim et al., 2004; Kim et al., 1999; Liu et al., 2004a; Liu et al., 2004b; Santos et al., 2004;
Ye et al., 2004). Mutations in TIN2 have been linked to diseases with premature aging
phenotypes and bone marrow failures such as dyskeratosis congenita, ataxia-pancytopenia,
and aplastic anemia (Du et al., 2009; Sasa et al., 2011; Savage et al., 2008; Tsangaris et al.,
2008; Walne et al., 2008; Yang et al., 2011a).

Recent evidence has suggested extra-telomeric function for several core telomere proteins,
such as TRF2, TRF1, and RAP1 (Mao et al., 2007; Martinez et al., 2010; Simonet et al.,
2011; Yang et al., 2011b; Zhang et al., 2011; Zhang et al., 2008). In particular, the human
telomerase reverse transcriptase (hTERT) was shown to also localize to mitochondria
(Santos et al., 2004). In hTERT-overexpressing cells, increased mitochondrial membrane
potential was accompanied by decreased superoxide production and peroxide levels (Ahmed
et al., 2008). Moreover, telomerase deficiency in mice appeared to repress master
mitochondrial transcription regulators such as PGCs and alter metabolic pathways (Sahin et
al., 2011). The links between telomere and mitochondrial function signal the existence of
additional players with dual roles in regulating genome integrity and cellular metabolism.

Previously, we found TIN2, TPP1, and POT1 to localize and interact in both the nucleus and
cytoplasm (Chen et al., 2007; Liu et al., 2004b). TIN2-TPP1 interaction helps to promote
TPP1 nuclear targeting (Chen et al., 2007). Here we report findings that TIN2 can in fact
localize in mitochondria, a process also regulated by TIN2-TPP1 interaction. Expression of
TIN2 proteins that were predominantly mitochondria-targeted led to altered mitochondrial
structure. In addition, RNAi-mediated TIN2 depletion led to enhanced mitochondrial
oxidative phosphorylation and reduced aerobic glycolysis in cancer cells. These results
reveal pathways that TIN2 utilizes to modulate metabolism in human cells, and highlight the
molecular links between telomere maintenance and metabolism.

Results
TIN2 can localize to mitochondria

TIN2 nuclear localization and telomeric function has long been established (Houghtaling et
al., 2004; Kim et al., 1999; Liu et al., 2004a; Ye et al., 2004). Using a polyclonal antibody
against the C-terminus of TIN2 (a.a. 197–354)(Chen et al., 2007), we found TIN2 to co-
localize with TRF2 in the nucleus as previously reported (Liu et al., 2004a; Ye et al., 2004)
(Figure 1A). Interestingly, we also observed tubular structures in the cytoplasm with anti-
TIN2 staining in many of the cells. This cytoplasmic staining pattern overlapped with that of
the mitochondrial maker ATP5A1 (Figure 1A), suggesting that TIN2 may be targeted to
mitochondria as well. To confirm this finding, we performed immunogold labeling of
endogenous TIN2 in HT1080 cells using anti-TIN2 antibodies. As expected, transmission
electron microscopy (TEM) revealed the presence of gold particles in the cytoplasm and
nucleus (data not shown). Furthermore, we could observe gold particles in the mitochondria
where they appeared to cluster close to the mitochondrial membrane (Figure 1B). This
immunogold particle distribution was greatly reduced in cells expressing TIN2 shRNAs
(Figures 1B and S1). Similar results were also obtained using U2OS cells (Figures 1C and
S1), supporting mitochondrial localization of human TIN2.
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In our earlier studies, N-terminally tagged TIN2 (with GFP or Myc) appeared to localize to
the telomeres, nucleus, and cytoplasm, but not the mitochondria (Chen et al., 2007). When
we tagged TIN2 at its C-terminus, these proteins (TIN2-flag and TIN2-GFP) exhibited both
punctate (in the nucleus) and tubular (in the cytoplasm) immunostaining patterns (Figure
1D). The nuclear signals overlapped with TRF2 (data not shown), indicating telomeric
localization. The cytoplasmic tubular signals were superimposable with those of ATP5A1,
consistent with mitochondrial targeting of TIN2. Again, we found no tubular distribution of
anti-TIN2 signals in cells expressing TIN2 tagged with GFP or Flag on the N-terminus (data
not shown), suggesting blocked TIN2 mitochondrial localization by N-terminal tagging.

To further investigate TIN2 subcellular distribution, we performed cell fractionation
experiments using HTC75 cells stably expressing TIN2-flag. Of the nuclear (P1), total
cytoplasmic (S1), soluble cytoplasmic (S2), and heavy membrane (P2) fractions, fraction P2
was enriched for mitochondria. As shown in Figure 1E, successful fractionation was
indicated by the relative enrichment of the respective proteins in various fractions.
Consistent with our immunostaining results, full-length TIN2 proteins could be detected in
both the nuclear (P1) and cytoplasmic (S1 and S2) fractions (Figure 1E, left panel).
Importantly, a small amount of full-length TIN2 (as well as two fast-migrating TIN2
products) co-fractionated with ATP5A1 in fraction P2, adding further support to
mitochondrial localization of TIN2.

Mitochondrial proteins such as ATP5A1 are targeted to the inner compartments of the
mitochondria and resistant to proteolysis in the absence of detergent, whereas proteins such
as TOM20 are localized to the mitochondria surface and sensitive to protease digestion even
without detergent (Figure 1F). When we treated fraction P2 of TIN2-flag cells with
proteinase K, TIN2 appeared to be degradable only in the presence of detergent (Figure 1F),
indicative of its residing inside the mitochondria and consistent with our TEM experiment
(Figure 1B). Taken together, our data suggest that TIN2 localizes to multiple cellular
compartments including the telomeres and the mitochondria.

TIN2 N-terminal signal sequences mediate its mitochondrial localization
The N-termini of mitochondrial proteins often contain targeting sequences (Chacinska et al.,
2009). The failure of N-terminally tagged TIN2 to localize to the mitochondria underscores
the importance of its N-terminus in mitochondria targeting. To further explore this aspect,
we generated GFP-tagged TIN2 proteins with serial N-terminal truncations. As shown in
Figure 2A, removal of the first 90 residues led to a complete loss of mitochondrial GFP
signals, demonstrating that this region of TIN2 is required for its mitochondrial localization.
Indeed, the N-terminal 89 amino acids were sufficient to target GFP to the mitochondria
(Figure 2B), indicating that the N-terminus of TIN2 contains bona fide mitochondrial
targeting sequences. In fact, deletion analysis revealed the presence of two mitochondria
targeting peptides, residues 1–58 and 59–89 (Figure 2A and 2B). Our results thus far
indicate that the N-terminus of TIN2 is both necessary and sufficient to target TIN2 to
mitochondria.

N-terminal mitochondrial targeting sequences frequently adopt the conformation of
amphipathic helices, where hydrophobic and positively charged resides are clustered on
either side (Chacinska et al., 2009; Moberg et al., 2004; Saitoh et al., 2007; Yamano et al.,
2008). Secondary structure prediction and helical wheel analysis of residues 1–90 of TIN2,
which are enriched with hydrophobic and positively charged amino acids, point to two
potential amphipathic helices spanning residues 31–76. To determine whether these
amphipathic helices mediate mitochondrial targeting of TIN2, we generated a series of full-
length TIN2-GFP constructs with point mutations in the region of residues 31–89, where
positively charged residues were replaced with alanine and conserved hydrophobic residues
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with glutamate or aspartate (Table S1). Interestingly, mutations of K62 and K64 (TIN2-
K62A/K64A-GFP) decreased mitochondrial localization of TIN2 (Figure 2C, Table S1). In
contrast, the TIN2-F37D/L38E and TIN2-L48E mutants exhibited increased GFP signals in
the mitochondria and a concurrent loss of nuclear and telomeric signals (Figure 2C, Table
S1). Together, these results demonstrate that TIN2 mitochondrial and nuclear localization is
mediated by distinct and separable targeting sequences at its N-terminus.

TIN2 is post-translationally processed in the mitochondria
N-terminal targeting sequences of mitochondrial proteins can be proteolytically removed
following mitochondrial import (Chacinska et al., 2009; Saitoh et al., 2007; Taylor et al.,
2001). Neither of the two TIN2 lower molecular weight forms (~30 kDa) in mitochondria
enriched fractions (Figures 1E and 1F) was affected by the mutation of Met59 (a potential
translation start site)(data not shown), indicating that they were not generated by alternative
internal translation initiation. We therefore postulated that these smaller TIN2 forms might
be products of proteolytic cleavage.

To test this idea and rule out the possibility that overexpression alone accounted for
mitochondria targeting and processing of TIN2, we established HT1080 cells expressing
TIN2 shRNA sequences as well as SFB-tagged TIN2 that was under the control of a
tetracycline-inducible promoter. Addition of doxycycline (10ng/ml) led to TIN2-SFB
expression at a level similar to endogenous TIN2 (Figure 3A). Under these conditions, the
two fast-migrating forms of TIN2-SFB remained apparent in the mitochondria fraction
(Figure 3B), indicating that mitochondria targeted TIN2 is processed into two shorter
fragments. In addition, we were able to detect a small percentage of endogenous TIN2 that
co-fractionated with the mitochondria (Figure 3C). Importantly, the levels of both full-length
and shorter forms of TIN2 were reduced with TIN2 knockdown, further supporting the
notion that endogenous TIN2 is processed in the mitochondria.

Next, we decided to take advantage of the fact that deletion of the first 18 amino acids
resulted in higher levels of the two smaller TIN2 fragments in fraction P2 (Figures 1E and
1F), and purified TIN2 fragments from TIN2-Δ18-flag expressing HTC75 cells (Figure 3D)
for sequencing by Edman degradation. N-terminal protein sequencing indicated that
cleavage of mitochondrial TIN2 occurred immediately after residues Y51 and L83 (Figure
3E). When truncation mutants TIN2-Δ51-flag and TIN2-Δ83-flag were expressed in cells,
they migrated to positions similar to the two fragments in wildtype TIN2 expressing cells
(Figure 3F). Residues Y51 and L83 are highly conserved among vertebrates (Figure 3E),
raising the possibility that TIN2 orthologues may also localize to the mitochondria. Indeed,
the N-terminal regions of mouse and zebrafish TIN2 were capable of targeting GFP to the
mitochondria as well (Figure 3G), indicating that mitochondrial targeting and processing of
TIN2 may be conserved through evolution.

TPP1-TIN2 interaction controls TIN2 nuclear vs. mitochondria localization
The N-terminal 196 residues of TIN2 encompass the mitochondrial targeting sequences and
are required for its interaction with TPP1 in both the cytoplasm and nucleus (Chen et al.,
2007; Liu et al., 2004b). Disruption of the region reduced TIN2 nuclear/telomeric
localization while promoting its cytoplasmic/mitochondrial targeting (Figures 2A and 2C).
These observations emphasize the importance of TPP1-TIN2 interaction in determining
TIN2 nuclear localization. To test the notion that disrupting TPP1-TIN2 interaction would
block nuclear localization of TIN2, we carried out co-immunoprecipitation experiments
using HEK-293T cells co-expressing flag-TPP1 and GFP-tagged TIN2 deletion mutants.
Indeed, an intact N-terminus appeared essential for TIN2-TPP1 interaction, as deleting just
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the first 18 amino acids was sufficient to abolish TIN2-TPP1 interaction (Figure 4A) and
prevent nuclear localization of TIN2 (Figure 2A).

The point mutants TIN2-F37D/L38E and TIN2-L48E localized predominantly to the
mitochondria (Figure 3A). We therefore asked whether such changes occurred as a result of
disrupted TIN2-TPP1 interaction by examining TIN2-flag (wildtype or mutant) interactions
with V5-tagged TPP1 and TRF1 in HEK-239T cells. TPP1 could only co-immunoprecipitate
with wildtype TIN2 and TIN2-K62A/K64A, both of which maintained telomeric
localization. In contrast, TIN2-F37D/L38E and TIN2-L48E failed to bring down TPP1
(Figure 4B). All TIN2 proteins examined were expressed at comparable levels, and could
interact with TRF1 (Figure 4C). Collectively, these results demonstrate that TIN2-TPP1
interaction mediates nuclear and telomeric targeting of TIN2.

The findings that TIN2 mutants with compromised abilities to interact with TPP1 showed
increased mitochondrial localization (Figures 2A, 2C, 4A and 4B), coupled with the
existence of overlapping sequences for TPP1 interaction and mitochondrial targeting on
TIN2, suggest a role of TIN2-TPP1 interaction in determining TIN2 nuclear vs.
mitochondrial localization. Indeed, when co-expressed with TPP1-flag, wildtype TIN2
showed decreased mitochondrial localization, whereas the TPP1 interaction mutant TIN2-
F37D/L38E maintained its mitochondrial localization (Figures 5A and 5B). In addition, the
TIN2-F37D/L38E mutant, but not TIN2-K62A/K64A, could be processed in mitochondria
(Figure 5C). In fact, co-expression of TPP1-V5 diminished mitochondrial processing of
wildtype TIN2-flag, but had little effect on TIN2-F37D/L38E or TIN2-Δ18 (Figure 5D).
These data combined underline the importance of TIN2-TPP1 interaction in targeting TIN2
to different cellular compartments.

TIN2 regulates mitochondrial morphology and function
The finding of TIN2 mitochondrial localization points to the intriguing possibility that TIN2
may participate in metabolic regulation, in addition to its well-established roles in telomere
maintenance. As cellular powerhouses for energy production and metabolic control,
mitochondria have also been implicated in aging and cancer development (Finkel et al.,
2007; Guarente, 2008; Sahin and Depinho, 2010). Mitochondria generate ATP through
oxidative phosphorylation, a process that consumes oxygen and requires mitochondrial
membrane potential. Morphological changes of mitochondria often reflect alterations in
mitochondrial function (Chen et al., 2005; Detmer and Chan, 2007; Lodi et al., 2004). When
we examined the mitochondria in HTC75 cells expressing wildtype or mutant TIN2, we
found the mitochondria in control cells to take on an extended tubular structure (Figure 6A).
In contrast, cells expressing either wildtype TIN2 or TIN2-F37D/L38E exhibited a marked
increase in giant spherical mitochondria (Figures 6A and 6B). Such morphology changes
were not observed in cells expressing TIN2-K62A/K64A, suggesting that they were direct
results of mitochondrial processing of wildtype TIN2 and TIN2-F37D/L38E (Figures 6A
and 6B). Moreover, GFP proteins tagged with the N-terminal 58 residues of TIN2 (TIN2-
(1-58)-GFP) were targeted to the mitochondria and these cells exhibited similar tubular
mitochondrial morphology as control cells expressing untagged GFP (Figures 6A and 6B),
indicating that GFP overexpression in the mitochondria did not impact on the mitochondrial
protein transport machinery.

To understand the function of TIN2 in mitochondria, we generated TIN2 knockdown cells to
assess mitochondria function. Using two different shRNAs, we achieved significant
inhibition of endogenous TIN2 (>70%) (Figure 7A), which led to minimal telomeric DNA
damage responses as measured by telomere dysfunction-induced foci (TIF) formation (data
not shown). Surprisingly, these TIN2 knockdown cells produced ≥25% more total ATP
(Figure 7B, base), and displayed higher mitochondria membrane potential (Figure 7C).
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Compared with control cells, basal oxygen consumption in TIN2 knockdown cells also
increased by ≥40% (Figure 7D, base). Next, we utilized the mitochondrial ATP synthase
inhibitor oligomycin. Adding oligomycin to cells leads to decreased ATP levels, which is
indicative of the contribution of mitochondrial oxidative phosphorylation to total ATP
production. Interestingly, oligomycin addition to TIN2 knockdown cells abrogated the
elevated ATP synthesis and oxygen consumption that we observed when mitochondria
oxidative phosphorylation was intact (Figures 7B and 7D, right panels). These data suggest
that TIN2 depletion resulted in an increase in energy metabolism in the mitochondria. In
support of this idea, overexpression of shRNA-resistant TIN2 restored basal oxygen
consumption to a level comparable to control cells (Figure S2). Collectively, these results
support a role of mitochondrial TIN2 in modulating mitochondrial oxidative
phosphorylation.

Mammalian cells depend on both oxidative phosphorylation and glycolysis to generate ATP.
In normal differentiated cells, the energy is derived primarily from mitochondria oxidative
phosphorylation. In most cancer cells, however, glucose is metabolized mainly through
cytoplasmic aerobic glycolysis instead of mitochondria oxidative phosphorylation (Warburg,
1956). While this generates fewer ATP per molecule of glucose, it conserves more carbon
molecules for the synthesis of other carbohydrates necessary for cell growth (Gatenby and
Gillies, 2004; Lunt and Vander Heiden, 2011; Vander Heiden et al., 2009; Vander Heiden et
al., 2010). If reducing TIN2 levels in cancer cells promotes oxidative phosphorylation while
slowing down aerobic glycolysis, these cells should have slower proliferation due to a
decrease of glucose-derived metabolites. We went on to compare the growth rates of control
and TIN2 knockdown cells in glucose-containing media. As shown in Figure 7E, TIN2
knockdown cells showed decelerated growth with glucose as the sole carbon source,
suggesting that TIN2 inhibition may slow down glycolysis and accelerate oxidative
phosphorylation (Figure 7E). The level of lactate in the media also dropped in these cells
(Figure 7F), again suggesting decreased glycolysis. When we compared the levels of
glycolytic metabolites by mass spectrometry in control HT1080 cells vs. cells that expressed
TIN2 shRNA alone or TIN2 shRNA plus RNAi-resistant TIN2, we observed decreases of
several glucose-derived metabolites that are essential for biosynthesis, including 3-
phosphoglycerate and fructose-1,6-biphosphate, in TIN2 knockdown cells compared to
control cells (Figures 7G and 7H). Our data thus far lend further support to the notion that
TIN2 depletion promotes mitochondrial oxidative phosphorylation and inhibits aerobic
glycolysis in cancer cells.

The in vivo tumor microenvironment is usually low in oxygen (hypoxia), which activates
signaling cascades that involve the HIF1 transcription factor complex, a heterodimer of
HIF1α and HIF1β (Kim et al., 2006; Papandreou et al., 2006; Zhong et al., 1999). Under
hypoxic conditions, HIF1α is stabilized and promotes transcription of many genes to
support glycolysis, and cell survival and growth (Kaelin and Ratcliffe, 2008). Changes in
glycolysis as a result of TIN2 knockdown led us to examine how TIN2 changes impact on
HIF1α stability when TIN2 knockdown cells were cultured in hypoxia conditions. As
expected, HIF1α was rapidly stabilized in control MCF-7 and HT1080 cells grown in the
presence of 1% O2 (Figures 7I and 7J). Stabilization of HIF1α in TIN2 knockdown cells, on
the other hand, appeared slower and to a lesser extent (Figures 7I and 7J). In addition,
restoring TIN2 expression with untagged wild-type TIN2 or the TIN2 mutant F37E/L38D,
led to HIF1α stabilization comparable to that of control cells (Figure 7J). These results
indicate that loss of TIN2 deceases HIF1α stability.

In addition to oxygen, several intracellular signals also regulate the stability of HIF1α. For
example, mitochondria-generated ROS is essential for hypoxia activation of HIF1α (Bell et
al., 2007a; Guzy et al., 2005; Mansfield et al., 2005). Given our observations that TIN2
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modulates HIF1α stability under hypoxic conditions, we next examined the effect of TIN2
loss on ROS. As shown in Figure 7K and 7L, TIN2 knockdown led to reduced ROS levels
and restoring TIN2 expression partially rescued ROS production, which is consistent with
our findings of deceased HIF1α stabilization in TIN2-depleted cells (Figures 7I and 7J). The
effect of TIN2 on ROS levels and the slower proliferation of TIN2 knockdowns cells are
also consistent with published reports that ROS generation supports cell proliferation and
tumorigenecity (Weinberg et al., 2010). Taken together, these results suggest that TIN2
functions as an additional regulator of glucose metabolism, possibly through regulating ROS
production and HIF1α stability.

Discussion
We present findings that the core telomeric protein TIN2 can not only localize to
mitochondria, but also play an important role in regulating mitochondrial function. Both
endogenous and epitope-tagged TIN2 could be detected in mitochondria and proteolytically
processed. N-terminal tagging blocks TIN2 mitochondria targeting, possibly explaining why
we had failed to detect TIN2 in the mitochondria previously. Knocking down TIN2 led to
minimal change in TIF formation or the expression of several telomeric proteins (data not
shown), indicating that mitochondrial phenotypes in TIN2 knockdown cells were not a result
of telomere dysfunction.

The N-terminus of TIN2 contains two potential mitochondrial targeting motifs. Having
multiple mitochondrial targeting motifs is a feature shared by several proteins that associate
with the mitochondrial inner membrane or matrix (Gakh et al., 2002; Glick et al., 1992; Jan
et al., 2000), suggesting possible targeting of TIN2 to these compartments. Sequences
flanking the proteolytic cleavage sites on TIN2 appear highly conserved, indicating an
ancient mechanism in TIN2 mitochondria targeting and processing. In zebrafish, several
proteins harbor regions homologous to TIN2 N-terminal domain (TND) and long C-terminal
zinc finger repeats that are distinct from TIN2 orthologues (data not shown), suggesting that
TND structures may serve as mitochondrial targeting sequences for other proteins as well.

The TIN2 mitochondrial targeting sequences overlap with its TPP1 interaction domain.
Interaction with TPP1 is essential for TIN2 nuclear localization, and inhibits TIN2
mitochondrial localization, presumably through blocking recognition of TIN2 by the
mitochondrial transport machinery. These data indicate that TIN2 subcellular distribution
may be determined by TPP1 abundance.

Our data thus far suggest that TIN2 may modulate mitochondria morphology and activity. It
will be interesting to determine whether morphological changes in TIN2 overexpression
cells (Figures 6A and 6B) were due to differences in mitochondrial fusion and fission. TIN2
appears to negatively regulate ATP synthesis, because depleting TIN2 enhanced ATP
production. This change was oligomycin sensitive, suggesting that TIN2 most likely
regulates mitochondrial ATP synthesis. Furthermore, TIN2 inhibition led to higher
mitochondria membrane potential and oxygen consumption, but lower ROS generation.
These observations support a role of TIN2 in modulating ATP production by limiting
efficient electron transport and decreasing mitochondria membrane potential. Here,
mitochondrial rather than nuclear TIN2 most likely plays a key role, because TIN2-F37D/
L38E, a mutant not targeted to telomeres, was able to rescue mitochondrial phenotypes in
TIN2-depleted cells. In addition, TIN2 processing is not required for modulating
mitochondria function, given that TIN2-K62A/K64A, which was partially defective for
mitochondria localization and not processed, still rescued TIN2 knockdown phenotypes.
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Enhanced mitochondrial oxidative phosphorylation coupled with slower growth of cancer
cells upon TIN2 knockdown implicates TIN2 in regulating glucose metabolism in human
cells. Indeed, TIN2 knockdown led to a decrease of several metabolites in the glycolytic
pathway. Mitochondria convert carbohydrates into ATP, a process that also produces ROS.
TIN2 depletion repressed ROS production, and resulted in reduced stabilization of HIF1α
under hypoxic conditions. These results are consistent with previous observations that ROS
production in mitochondria is critical for hypoxia activation of HIF1α and cell proliferation
(Bell et al., 2007a; Guzy et al., 2005; Mansfield et al., 2005; Weinberg et al., 2010), and
point to TIN2 as a regulator of glucose metabolism and a potential factor to combat the
Warburg Effect.

Mitochondrial integrity is critical for cell survival and longevity as well (Kirkwood, 2005;
Wallace, 2005). Cells gradually accumulate mitochondrial DNA mutations that can increase
ROS, which in turn upregulates HIF1α activity, leading to beneficial effects on lifespan in
certain situations (Bell et al., 2007b; Hekimi et al., 2011; Lee et al., 2010) or detrimental
effects including DNA damage, genomic instability, and ultimately aging (Balaban et al.,
2005). Recent studies suggest crosstalks between mitochondria and telomeres. Progressive
telomere loss limits the replicative capacity of dividing cells such as stem cells (Cong et al.,
2002), and uncaps chromosomal ends and induces p53 activation in aging animals
(Karlseder et al., 1999; Smogorzewska and de Lange, 2002; van Steensel et al., 1998),
leading to cellular senescence, apoptosis, and ultimately contributing to the pathogenesis of
aging-related diseases. Telomere dysfunction was reported to repress mitochondrial
biogenesis and function through the telomere-p53-PGC axis, thereby linking telomere
biology to mitochondrial regulation (Sahin et al., 2011). In addition, hTERT has been found
in mitochondria to protect cells against oxidative stress and apoptosis (Ahmed et al., 2008;
Passos et al., 2007). Whether loss of TIN2 can trigger aging-related phenotypes warrants
further investigation.

Experimental Procedures
Immunogold labelling

105~106 cells were fixed in 4% paraformaldehyde for 2 h at 4°C before being dehydrated
through a series of graded ethanol solutions at −20°C, transferred into Lowicryls K4M resin
(SPI Supplies Inc.), and polymerized under 360 nm ultraviolet at − 20°C as previously
described (Liu et al., 2011; Peters and Pierson, 2008). Subsequently, ultrathin sections were
collected on carbon-coated nickel grids and floated on a drop of ddH2O for 5 min.
Following blocking (1% bovine serum albumin, 0.02% polyethylene glycol 20000, 100 mM
NaCl, and 1% NaN3) and antibody incubation, the sections were incubated with 12 nm
colloidal gold-affinipure goat anti-rabbit IgG (H+(Jackson ImmunoResearch) for 60 min, air
dried, and then stained for 15 minutes in aqueous 1% uranyl acetate followed by 0.2% lead
citrate. Samples were analyzed with a JEM-100CX/II transmission electron microscope at
an accelerating voltage of 100 KV.

Subcellular fractionation
Subcellular fractionation was performed using the MITOISO2 kit (Sigma) with minor
modifications. Briefly, cells were resuspended in Extraction buffer (50mM HEPES, 1M
mannitol, 350mM sucrose, 5mM EGTA, and protease inhibitor cocktail), homogenized, and
then centrifuged at 300×g for 5 min to yield pellet P1 fraction and S1 supernatant. S1
fraction was further centrifuged at 11,000×g for 10 min to yield pellet P2 and supernatant S2
fractions. P2 fraction was then resuspended in hypotonic buffer (10 mM HEPES-KOH, pH
7.4, and 1 mM EDTA) at 4°C, followed by centrifugation at 10,000×g for 6 min. The
mitochondria enriched pellet was then resuspended in hypotonic buffer and digested on ice
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with proteinase K (200µg/ml) ±1% Triton X-100 for 20 min. The digest was then
precipitated with tricholoroacetic acid and analyzed by SDS-PAGE and immunoblotting.

Measuring ATP production
The ATP Determination Kit (Invitrogen, A22066) was used to assess ATP production. Cells
grown to ~40% confluence (2×106 in 10cm dish) were washed with Tris-based TD buffer
(Mg2+ and Ca2+-deficient) (0.137 M NaCl, 5 mM KCl, 0.7 mM Na2HPO4, and 25 mM Tris-
HCl, pH 7.4), and boiled in Boiling Buffer (100mM Tris, 4mM EDTA) for 5 min before
centrifugation. The supernatant was used in luciferase assays and measured in a Synergy™
HT Multi-Detection Microplate Reader (Bio-Tek Instruments Inc.). Oligomycin (Sigma)
was added (15µg/ml) 30 min before harvesting.

Measuring mitochondrial respiration
Cells were grown to 60%–80% confluence with media change the day before. O2
consumption was determined using ~5×106 cells harvested in TD buffer (pH7.4 at 25°C) as
previously described (Bai and Attardi, 1998). Measurements were taken in two chambers of
an YSI Model 5300 Biological Oxygen Monitor. Oligomycin (2.5µg/ml) was added to
measure uncoupled respiration.

Analysis of mitochondrial membrane potential
Mitochondrial membrane potential was assessed by tetramethylrhodamine, methyl ester, and
perchlorate (TMRM) (Invitrogen, Cat. No. T-668). Cells were washed with TD buffer,
incubated with 50 nm TMRM in TD buffer at 37 °C for 15 min, and then scraped off and
plated in 96-well plates (1×106 cells (200µl) per well) for measurement at 540nm/620nm
using a Synergy HT Microplate Reader (Bio-Tek Instruments Inc.).

Measurement of reactive oxygen species (ROS)
Harvested cells were washed in TD buffer and then resuspended in TD buffer containing
5µM MitoSOX™ (red mitochondrial superoxide indicator)(Invitrogen, M36008) at 37 °C
for 15 min. After washing with TD buffer, the cells were plated on 96-well plates and
measured in a Synergy HT Microplate Reader at 485/590 nm.

Lactate measurement
Extracellular lactate levels were determined with the Lactate Assay Kit (University at
Buffalo, NY, USA). Cells were seeded in 6cm dishes (1×105 cells/dish) in triplicates and the
media collected and diluted 30-fold with ddH2O after 2 days. Reactions were carried out in
96-well plates (20µl of the diluted media and 50µl of lactate assay solution) in a humidified
chamber at 37°C for 30 min, followed by the addition of 50µl of 3% acetic acid. Absorbance
was measured at 490 nm. Standard curves were generated using 20µl of lactate solutions
with varying concentrations and 50µl of lactate assay solution.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlight

1. The telomeric core protein TIN2 can be specifically targeted to the mitochondria

2. TIN2 is processed in the mitochondria

3. Mitochondrially localized TIN2 regulates mitochondria function
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Figure 1. TIN2 localizes to both the nucleus and mitochondria
A) HTC75 cells were immunostained with anti-TIN2 antibodies. Telomeres and
mitochondria were marked with anti-TRF2 and ATP5A1 antibodies, and nuclei stained with
DAPI. Immunogold analysis in HT1080 (B) and U2OS (C) cells expressing control or
TIN2-targeting shRNA. Cells were probed with anti-TIN2 antibodies. Arrows indicate gold
particles. Scale bars: 200 nm. D) Immunostaining of HTC75 cells expressing C-terminally
tagged TIN2 proteins. TIN2-flag was probed with anti-flag antibodies. E) HTC75 cells
expressing flag-tagged full-length (TIN2-flag) or mutant TIN2 (TIN2-Δ18-flag) were
fractionated by differential centrifugation. Whole-cell extract (WCE) and cellular fractions
(nuclear P1, cytoplasmic S1, soluble cytoplasmic/light membrane S2, and heavy membrane
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P2) were analyzed. ORC2, tubulin and ATP5A1 were used as nuclear, cytoplasmic and
mitochondrial markers. F) P2 fractions from (E) were digested with proteinase K in the
presence or absence of detergent before western analysis.
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Figure 2. TIN2 N-terminus contains mitochondrial targeting signals
Immunostaining studies were performed in HTC75 cells expressing GFP-tagged wildtype
and N-terminal truncation mutants of TIN2 (A), GFP proteins tagged with TIN2 N-terminal
fragments (B), or GFP-tagged wildtype and point mutants of TIN2 (C). Anti-TOM20 or
ATP5A1 antibodies were used to mark the mitochondria.
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Figure 3. TIN2 is proteolytically processed in the mitochondria
A) Induction of TIN2 expression in HT1080 cells co-expressing TIN2 shRNA (shTIN2) and
doxycycline (Dox)-inducible SFB-tagged wildtype TIN2. Cells expressing shRNA
sequences against GFP served as control. B) Whole cell extracts and mitochondrial fractions
from cells in (A) were western blotted following doxycycline induction (48hr). C) Whole
cell extract and mitochondria fractions from U2OS cells expressing control or TIN2 shRNA
were were western blotted. D) HTC75 cells expressing TIN2-Δ18-flag (indicated by circle)
were immunoprecipitated with anti-flag antibodies. Arrows indicate TIN2 processed forms
that were excised for sequencing. E) Sequence alignment of TIN2. Arrows indicate human
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TIN2 processing sites. F) Western analysis of HEK-293 cells transiently expressing flag-
tagged wildtype and N-terminal deletion mutants of TIN2. G) Immunostaining of GFP
proteins tagged with the N-terminus of zebrafish (a.a.1-225) or mouse (a.a. 1-90) TIN2 in
HTC75 cells.
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Figure 4. The N-terminus of TIN2 mediates TIN2-TPP1 interaction
A) Wildtype (Wild) and mutant TIN2-GFP proteins were transiently expressed with or
without flag-TPP1 in HEK-293 cells, immunoprecipitated (IP) with anti-flag antibodies, and
western blotted as indicated. Arrow indicates a non-specific band. B) Similar analysis of
flag-tagged wildtype (Wild) and point mutants of TIN2 proteins in HEK-293 cells
transiently co-expressing TPP1-V5. C) Analysis of cells co-expressing TRF1-V5 with flag-
tagged wildtype (Wild) or mutant TIN2 proteins.
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Figure 5. TPP1 inhibits TIN2 mitochondrial localization and processing
A) HTC75 cells expressing GFP-tagged wildtype TIN2 or TIN2-F37D/L38E alone or with
TPP1-flag were analyzed. Anti-cytochrome c antibodies were used to stain the
mitochondria. B) Percentages of cells with mitochondrial TIN2 signals from (A) were
graphed (n≥100). C) Whole cell extract and mitochondria fractions from cells expressing
flag-tagged wildtype (Wild) and mutant TIN2 were western blotted. D) Western analysis of
HEK-293 cells transiently co-expressing TPP1-V5 with flag-tagged wildtype (Wild) or
mutant TIN2.
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Figure 6. TIN2 expression regulates mitochondria morphology
A) HTC75 cells stably expressing GFP-tagged wildtype and mutant TIN2 proteins were
immunostained with anti-cytochrome C antibodies. B) Quantification of data from (A)
(n≥300).
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Figure 7. TIN2 modulates essential mitochondria function and glucose metabolism
A) Knockdown efficiency of two TIN2 shRNAs in HTC75 cells. B) Total cellular ATP
(base) and oligomycin-resistant ATP content were determined using cells from (A). C)
Quantification of mitochondrial membrane potential (MMP) of cells from (A). D)
Quantification of oxygen consumption in intact cells (base) and following oligomycin
treatment. E) Growth analysis of cells from (A) in glucose-containing DMEM media. F)
Measurement of media lactate levels of cells from (A). G) Schematic representation of
glycolysis. H) Mass spectrometry analysis of glycolytic metabolites in HT1080 cells
expressing control shRNA, TIN2 shRNA alone or with RNAi-resistant wildtype TIN2.
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Relative levels of the underlined metabolites from (G) were plotted. I) TIN2 knockdown
MCF-7 cells were cultured under normoxia (21% O2) or hypoxia (1% O2) conditions and
western blotted. J) HT1080 cells expressing TIN2 shRNA alone, or with RNAi-resistant
wildtype or mutant TIN2 proteins were assessed under normoxia vs. hypoxia conditions. K)
Measurement of reactive oxygen species (ROS) in TIN2 knockdown cells. L) Measurement
of reactive oxygen species (ROS) in HT1080 cells expressing TIN2 shRNA alone or
together with untagged RNAi-resistant wildtype or mutant TIN2. For all panels, error bars
represent S.E. (n=3). p values were calculated using Student’s t test (*p<0.05; **p <0.01).
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