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SUMMARY

Telomeric repeat binding factor 1 (TRF1) is essential to the maintenance of telomere chromatin
structure and integrity. However, how telomere integrity is maintained, especially in response to
damage, remains poorly understood. Here, we identify Nek7, a member of the Never in Mitosis
Gene A (NIMA) kinase family, as a regulator of telomere integrity. Nek7 is recruited to telomeres
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and stabilizes TRF1 at telomeres after damage in an ATM activation-dependent manner. Nek?
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deficiency leads to telomere aberrations, long-lasting yH2AX and 53BP1 foci, and augmented cell

death upon oxidative telomeric DNA damage. Mechanistically, Nek7 interacts with and

phosphorylates TRF1 on Ser114, which prevents TRF1 from binding to Fbx4, an Skp1-Cull-F box

E3 ligase subunit, thereby alleviating proteasomal degradation of TRF1, leading to a stable
association of TRF1 with Tin2 to form a shelterin complex. Our data reveal a mechanism of
efficient protection of telomeres from damage through Nek7-dependent stabilization of TRF1.

Graphical abstract

In Brief: Tan et al. discover a mechanism of efficient protection of telomeres from damage by
Nek7-dependent stabilization of TRF1. S114 phosphorylated TRF1 by the NIMA kinase Nek7
favors the binding of shelterin protein TIN2 and disfavors E3 ligase Fbx4 interaction, thus
preventing TRF1 ubiquitination and proteasome degradation to maintain telomere integrity.
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INTRODUCTION

Telomeres play important roles in preventing premature aging and/or cancer development by
maintaining genome stability. Telomeric DNA damage accumulated from chronic stresses
leads to reorganization and relaxation of the compacted telomere structure (Cesare et al.,

2009; O’Sullivan et al., 2010). Moreover, cancer cells must address abnormal oxidative

metabolism and consequent telomere DNA damage for survival. However, the regulation of
telomeric structure in the face of stresses, such as oxidation-induced DNA damage, is not

fully understood.

Telomeric DNA repeat sequences are coated by shelterin proteins whose binding to

telomeres is essential to prevent damaged telomeres from activating unwanted DNA damage
response (DDR) and harmful chromosomal fusion (de Lange, 2005; Palm and de Lange,

2008). Insufficient protection of telomeres by shelterin proteins exposes telomeres to
detrimental stresses, leading to compromised telomere and genome integrity. Genetic
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deletion of TRF1, an essential component of the shelterin complex, triggers extensive de-
condensation of telomeric chromatin, which can activate the ATM and Rad3-related (ATR)
pathway to initiate the DDR at telomeres and replication fork stalling, leading to telomere
association and fragile telomeres (Martinez et al., 2009; Sfeir et al., 2009). TRF1 has been
shown to periodically and rapidly switch between the free- and the telomere-associated
forms (Mattern et al., 2004). The high-order association of TRF1 with telomeres closely
correlates with telomere length and telomere replication and has been implicated in the
regulation of the DDR at telomeres (Martinez et al., 2009; Sfeir et al., 2009; van Steensel
and de Lange, 1997). TRF1 contains an N-terminal acidic domain, a middle TRF homology
(TRFH) domain, and a C-terminal Myb/SANT telomeric DNA-binding domain (Broccoli et
al., 1997; Fairall et al., 2001; Nishikawa et al., 2001). The TRFH domain of TRF1 is
essential for the dimerization of TRF1, as well as interaction with Tin2, and also serves as a
versatile docking site for specific subsets of regulatory proteins that are involved in the cell
cycle or DNA damage signal pathway (Chen et al., 2008). The association of TRF1 with
Tin2 is important to maintain a highly condensed shelterin structure at telomeres, thereby
inhibiting an inappropriate DDR (Bandaria et al., 2016). Therefore, stringent regulation of
TRF1 is critical for maintaining the appropriate shelterin complex and protection of
chromosome ends upon oxidative DNA damage.

Recently, members of the NIMA family of kinases have emerged as important regulators of
the DDR as well as the cell cycle (Lee et al., 2008; Meirelles et al., 2011, 2014). However,
little is known about the role of Nek7, the smallest member of the NIMA family, in the DDR
and in telomere integrity. Cells lacking Nek7 show microtubule instability and abnormal
spindle formation, indicating a role of Nek7 in mitosis (Kim et al., 2007). Nek?7 is known to
associate with the centrosome microtubule-organizing center (MTOC), the spindle mid-
zone, and the mid-body during mitosis, suggesting a regulatory role in G2/M for cell-cycle
control (Kim et al., 2007; O’Regan and Fry, 2009; Yissachar et al., 2006). Interestingly,
Nek7 is also found both in the nucleus and cytoplasm during interphase (O’Regan and Fry,
2009). High Nek7 mRNA and protein levels are commonly found in breast, colorectal, and
lung cancers (Capra et al., 2006). The protein level of Nek7 appears to be relatively constant
throughout the cell cycle (O’Regan and Fry, 2009), and the constitutive expression of Nek7
implies that it may be involved in other cellular processes beyond mitotic regulation.

In this study, we have elucidated a molecular mechanism of Nek7-mediated telomere
structure maintenance via phosphorylation of TRF1. Using a technique developed recently
to induce localized oxidative DNA damage at telomeres (Sun et al., 2015), we discovered
that Nek?7 is recruited to telomeres and acts as a regulator of TRF1 in response to oxidative
telomeric DNA damage. Mechanistically, Nek7 binds and phosphorylates TRF1 at Ser114,
which in turn inhibits the interaction of TRF1 with the E3 ligase subunit, Fbx4, and leads to
a stable association of TRF1 with Tin2 to form a shelterin complex in response to oxidative
telomeric DNA damage. Importantly, Nek7 deficiency was shown to lead to telomere
aberrations in a phenotype recapitulating that of TRF1-depleted cells. Taken together, our
data reveal how TRF1 and a shelterin structure are maintained and regulated to protect the
telomere in countering oxidative damage.
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Nek?7 Is Preferentially Recruited to Damaged Telomeres and Protects Telomeres from
Oxidative DNA Damage

To understand how telomeres maintain integrity in response to oxidative telomeric DNA
damage, we used a KillerRed (KR)-induced telomere damage system (Figure 1A) (Sun et
al., 2015). Upon visible light exposure, the KR-TRF1 fusion enables KR protein to target
telomeres and allows dose-dependent introduction of oxidative DNA damage confined to the
telomeres. RFP-TRF1- and KR-TRF1-expressing cells were cultured in complete darkness
(to shield the cells from oxidative damage accumulation) or exposed to light for 1 hr. We
screened factors that may potentially be involved in the DNA damage response and found
that Nek?7 is specifically recruited to the telomeres in response to oxidative telomeric DNA
damage. Before light exposure, a basal 20% of the cell population showed colocalization of
Nek7 at RFP-TRF1- and KR-TRF1-labeled telomere sites. However, light exposure induced
a strong Nek7 accumulation in nearly 80% of the cells at the telomeres in the KR-TRF1-
expressing telomerase-negative (U20S) cells (Figure 1B) and telomerase-positive (HeLa
1.3) cells (Figure 1C) but had little effect on the control, RFP-TRF1-expressing cells
(Figures 1B and 1C).

Nek?7 is important for mitosis, but its role in controlling genome stability has not been fully
explored. We induced global DNA damage by treating the cells with hydrogen peroxide
(H205) and ionizing radiation (IR). We did not observe obvious Nek7 foci under either
H,0, treatment or IR treatment at sites of telomere or genomic DNA damage, which was
indicated by yH2AX staining (Figures S1A and S1B). Telomeric DNA is less than 0.5% of
total genomic DNA,; therefore, the percentage of its damage induced by global treatment
should be less than 0.5% of the total genomic DNA damage, which may not be easily
detected because of the large background of non-telomeric DNA damage. Telomeric and
subtelomeric regions are enriched with epigenetic markers similar to heterochromatin
(Gonzalo et al., 2006). Therefore, we also introduced KR to a non-telomeric genomic site
within a heterochromatin structure via the tetracycline repressor (TetR) fused-KR (TetR-
KR), which is capable of binding to the integrated TetO repeats in the genome (Figure S1C).
We found that DNA glycosylase and other repair enzymes are recruited to the TetR-KR-
induced damage (Lan et al., 2014). However, Nek7 was not recruited at sites of TetR-KR-
induced damage, indicating that Nek7 is specifically recruited to oxidatively damaged
telomeric DNA sites (Figure S1C).

To further evaluate the role of Nek7 at telomeres, we first disrupted telomeric structure by
knocking down (KD) the shelterin protein TRF2 (Celli and de Lange, 2005; Denchi and de
Lange, 2007), but we did not observe Nek7 recruitment at telomeres under this condition
(Figure S1D). Second, we introduced telomeric DNA injury by using Flag-TRF1-Fok1
endonuclease to cut telomeres specifically (Cho et al., 2014) or by treating cells with low
and high levels of the DNA polymerase inhibitor aphidicolin, which could induce fragile
telomeres, an indicator of replication folk stall. Interestingly, under both conditions, Nek7
was not recruited to the damaged telomere sites (Figures S1E and S1F). Thus, the
recruitment of Nek?7 is likely restricted to oxidative telomeric DNA damage.
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Next, we analyzed chromosome abnormalities in Nek7-deficient cells using telomere
fluorescence in situ hybridization (FISH) in HeLa cells with a short hairpin RNA (shRNA)-
mediated Nek7 knockdown to investigate whether Nek7 has a direct role in regulating
chromosome function and telomere integrity. We observed more telomere aberrations in
shNek7-KD HelLa cells than in control shRNA (shCtrl)-treated cells (15% in shNek7 versus
5% in shCtrl, respectively) (Figure 1D). Almost all of the telomere aberrations involved
telomere loss and sister telomere association in shNek7-KD cells (Figure 1D, bottom),
suggesting that Nek7 may have a telomere protection-related function. Dysfunctional
telomeres can be marked by telomere-induced foci (TIF), in which 53BP1 foci label the
strand breaks at telomeres (d’Adda di Fagagna et al., 2003; Takai et al., 2003). We also
examined 53BP1 TIF formation in a telomerase-negative U20S cell line and observed more
53BP1 TIF in shNek7-KD U20S cells compared with shCtrl-treated cells (Figure S1G),
suggesting that the Nek7-mediated telomere protection is not dependent on its regulation of
telomerase (Cerone et al., 2011).

To further determine the physiological significance of the Nek7-mediated telomere
protection from telomeric oxidative damage, we expressed KR-TRF1 in both telomerase-
positive (HeLa and 293) and negative (U20S) cells. Knocking down Nek7 in HelLa or 293
cells with shNek7 treatment did not cause immediate cell-cycle arrest following the KR-
induced telomeric DNA damage (Figures S2A and S2B). Interestingly, Nek7-KD HeLa cells
with telomeric DNA damage exhibited multiple chromosomal aberrations, including fragile
telomeres, doublet telomeric signals, and broken chromosomes (Figure 1E), that were rarely
found in either Nek7-KD cells in the absence of induced telomere DNA damage (ho KR-
TRF1) or in normal Nek7 expressing cells with KR-TRF1-induced DNA damage (light
induced). Furthermore, we found that shNek7-KD U20S cells also had increased sensitivity
to telomeric DNA damage, as demonstrated by a significant reduction in cell survival
(Figure 1F). Consistently, the shNek7-KD HeLa cells had reduced clonogenicity compared
with shCtrl-treated HeLa cells (Figure S2C). The high incidence of telomere loss, sister
telomere association, chromosomal instability, and increased cell death in Nek7-depleted
cells following telomeric oxidative DNA damage suggests a crucial role of Nek7 in
maintaining telomere integrity and in protecting cells from telomeric DNA damage.

Both ATM- and ADP-ribosylation pathways are important for the upstream regulation of the
DNA damage response. ATM is a kinase that amplifies subsequent DNA damage signals via
phosphorylation of multiple target proteins (Huang et al., 2004; Kishi et al., 2001; Shiloh
and Ziv, 2013). ADP-ribosylation is a modification necessary for single-strand damage
repair (SSDR). PARP1 is also reported to be involved in the alt-NHEJ pathway at telomeres
(Sfeir and de Lange, 2012). To investigate if Nek7 telomeric recruitment is regulated by
these upstream signals, we inhibited ATM with KU55933 and found diminished Nek7
telomeric recruitment in response to telomeric DNA damage (Figure 1G). In contrast,
inhibition of either tankyrase 1 with GO07-LK, or PARP with PJ34, or by tankyrase
knockdown, had no effect on the recruitment of Nek7 under the same conditions (Figures
S2D and S2E). Consistently, light exposure-induced telomeric DNA damage led to ATM
recruitment to telomeres in cells expressing KR-TRF1 but not RFP-TRF1 (Figure S2F).
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Nek?7 Stabilizes TRF1 upon Oxidative DNA Damage

Given a critical role of Nek7 in protecting cells from telomeric DNA damage and its
recruitment to telomeres following oxidative telomeric DNA damage, we next asked if
knockdown of Nek7 may impair the DNA repair process at telomeres. H2AX is
phosphorylated rapidly at Ser132 to form -yH2AX after DNA damage or at the collapsed
DNA replication forks; this serves as a platform to recruit and retain DNA damage repair
proteins but is dissolved after the completion of DNA repair (Bonner et al., 2008; Maclirek
etal., 2010; Nakada et al., 2008). Interestingly, we found that although the initial formation
of TIF (yH2AX and 53BP1 foci) was similar in the Nek7-KD and control cells (Figure
S2G), the resolution of TIF, the disappearance of yH2AX, and dissociation of 53BP1 from
the telomeres after telomeric DNA damage took a much longer time in Nek7-KD cells.
Under these conditions, more than 70% of telomeres maintained yH2AX foci in Nek7-KD
cells compared with 30% in control cells 24 hr after DNA damage induction (Figure 2A;
Figure S2H). Up to 90% of telomeres exhibited 53BP1 foci 48 hr after DNA damage in
Nek7 knockdown cells, whereas only 40% were found in control cells (Figure 2B; Figure
S2H). Consistent with these results, significantly more yH2AX protein was detected in
Nek7-KD cells than in control cells 24 hr after DNA damage (Figure 2C). Surprisingly, the
recruitment of the key proteins known to play critical roles in the oxidative DNA damage
repair process, including XRCC1, Fenl, Polb, Ligase IV, and PCNA, was not affected in
Nek7-KD cells in response to telomeric DNA damage (Figure S3), indicating that Nek7 loss
does not affect the recruitment of DNA repair factors to telomeres directly.

Telomeres are shielded by six shelterin proteins. DNA damage repair proteins are recruited
at the telomere when shelterin proteins are insufficient. We then tested the expression level
of TRF1, TRF2, Potl, and Tin2 in KR-TRF1-expressing Flp-in-control and Nek7-KD 293
cells. Nek7 knockdown did not change TRF2, Tin2 and Potl expression (Figure 2D; Figure
S4A). Whereas the expression of the TRF1 protein was relatively stable under unperturbed
conditions (Figure S4B), interestingly it was greatly reduced in response to telomeric DNA
damage in Nek7-deficient cells but not in control cells (Figure 2D; Figure S4A). KR-
released superoxide might lead to protein oxidation; however, we did not observe alterations
of measurable protein functions after light-induced KR activation (Sun et al., 2015). More
important, the reduced expression of TRF1 could be rescued by re-expression of Nek7 both
in 293 cells and Hel a cells (Figure 2D; Figure S4C). Similar results were observed in the
two independent Nek7 sShRNA-KD, KR-TRF1-expressing Flp-in 293 cell lines (Figure 2E).
Furthermore, we found that Nek7 overexpression could enhance TRF1 protein expression
(Figure 2F), suggesting that Nek7 may regulate TRF1 expression either at the transcription
or posttranscriptional levels. We also created CRISPR knockout (KO) cells by designing two
single guide RNAs (sgRNAs) targeted at the start code region and the first intro region of
Nek7 in U20S and 293 cells, respectively. The Nek7 KO was confirmed by PCR genotyping
and WB (Figure 2G). Consistent with results in sShRNA knockdown cells, Nek7 CRISPR KO
U20S cells showed increased sensitivity to telomeric damage (Figure 2G). Nek7 KO in Flp-
in KR-TRF1 293 cells leads to the decreased expression of TRF1 (Figure 2H), showing the
same effect obtained with shNek?7 cells.
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To determine if the Nek7-mediated TRF1 expression is at the transcriptional level, we
measured the #rfZ mMRNA level and found that Nek7 expression had no effect on 71
transcription (Figure 3A), indicating that Nek7 may regulate TRF1 expression at the protein
level. Indeed, we found that both exogenous and endogenous TRF1 protein was degraded
faster in Nek7-depleted Flp-in KR-TRF1 293 cells (Figure 3B) or HeLa cells (Figure S4D)
than in the shCtrl-treated cells after damage. Both cell lines stably expressed KR-TRF1,
which allowed us to assess TRF1 stability upon specific telomeric DNA damage. Following
light-induced DNA damage, cells were treated with cycloheximide, and the TRF1 levels
were determined at various time points by immunaoblotting. TRF1 protein degradation was
prevented by treatment of cells with the proteasome inhibitor MG132 (Figure 3B),
indicating that TRF1 is subjected to proteasome-mediated degradation. We further
confirmed this finding in Nek7-overexpressing cells (Figure 3C). Again, the turnover rate of
TRF1 was slower in Nek7-overexpressing cells compared with that in control cells (Figure
3C).

Because TRF1 becomes unstable in the absence of Nek7 upon telomeric DNA damage, we
also examined the stability of TRF1 in the presence or absence of an ATM inhibitor. KR-
TRF2 induces oxidative DNA damage at telomeres and leads to yH2AX expression and the
recruitment of base excision repair factors, including NTH1 and XRCC1, to telomeres in a
manner similar to KR-TRF1 (Figure S5A). We also observed the recruitment of Nek7 to
telomeres after the KR-TRF2-induced damage observed in U20S cells (Figure S5B). Using
KR-TRF2 to induce telomeric DNA damage, we found that TRF1 degradation was also
exacerbated when ATM was inhibited after damage induction (55.2% of mock-treated cells)
(Figure 3D), indicating that the ATM signal pathway is required for Nek7-mediated TRF1
stabilization.

Nek7 Interacts with TRF1 upon Oxidative DNA Damage

The above results suggest that Nek7 may regulate TRF1 through a close interaction. To
determine whether Nek7 could directly interact with TRF1, we used a bimolecular
fluorescence complementation (BiFC) assay (Figure 4A). In this assay, N-terminal (residues
1-155, Yn) and C-terminal (residues 156-239, Yc) fragments of the Venus variant of yellow
fluorescent protein (YFP) are fused to interacting target protein pairs. If the Venus fragment
fusion proteins interact upon co-expression in the same cell, then the Yn and Yc¢ fragments
are juxtaposed, allowing structural complementation of the Venus fluorophore and a bright
fluorescent signal (Hu and Kerppola, 2003; Lee et al., 2010). We fused Nek7 and TRF1 with
Yc and Yn, respectively (Nek7-Yc and TRF1-Yn), and co-expressed them in HeLa 1.3 cells
(Figure 4B) and U20S cells (Figure 4C). We observed bright fluorescent signals in the
nuclei that co-localized with telomeres, indicative of a direct TRF1-Nek?7 interaction
(Figures 4B and 4C). No fluorescence was observed when either fusion protein was
expressed alone. Similar interaction of Nek7 and TRF1 at telomeres was observed in HelLa
cells (Figure S5C). We further performed in vitro binding assay to consolidate that TRF1
and Nek7 could interact directly (Figure S5D). Consistently, reciprocal co-
immunoprecipitation studies confirmed that telomeric DNA damage enhanced Nek7-TRF1
interaction and telomeric recruitment of Nek7 (Figures 4D and 4E; Figures S5E and S5F).
Furthermore, ATM inhibition abolished the DNA damage-induced Nek7 and TRF1
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interaction (Figure 4F), demonstrating that ATM activation is required for the telomeric
recruitment and further function of Nek7 upon DNA damage.

TRF1 Stabilization Requires Nek7 Catalytic Activity

To determine whether the catalytic activity of Nek7 is necessary for TRF1 stability, we first
examined the telomeric recruitment of a Nek7 kinase-dead mutant (KM), in which lysines
63/64 at the ATP binding site are replaced with methionines (O’Regan and Fry, 2009), and a
constitutively active Nek7 mutant (Y97A) in which a Tyr residue at the auto-inhibitory
domain was mutated to an Ala, thus lacking auto-inhibitory function (Richards et al., 2009).
We transfected cells in parallel with equal amounts of the plasmids. However, telomere
recruitment of either mutant was indistinguishable from that of the wild-type (WT) Nek7 in
response to telomeric DNA damage (Figure 5A). Consistently, Nek7(Y97A) and Nek7(KM)
showed a similar interaction with TRF1 in response to light-induced DNA damage (Figure
5B). Interestingly, only the Nek7 WT and mutant (Y97A) but not Nek7(KM) had the ability
to restore TRF1 expression in Nek7-KD HeLa cells (Figure 5C; Figure S5G). Therefore, the
kinase activity of Nek7, although not essential for its telomere recruitment and TRF1
binding, is necessary for TRF1 stabilization.

Nek?7 Is a Regulatory Kinase for TRF1

The inability of the kinase-dead Nek7 mutant to rescue TRF1 expression suggests that Nek7
may directly phosphorylate TRF1 to regulate its stability. We thus purified a WT Flag-
tagged Nek7 and a mutant Flag-tagged Nek7(KM) protein from 293 cells and used them to
phosphorylate recombinant TRF1 in vitro. WT Nek7 did not phosphorylate recombinant
GST but phosphorylated GST-TRF1, indicating that phosphorylation sites are located in
TRF1 (Figure 5D). In addition, only WT Nek?7 but not the kinase-dead Nek7 mutant could
phosphorylate GST-TRF1 (Figure 5E). Significantly, we found that the Nek7 activity was
enhanced following light-induced telomeric DNA damage, as evidenced by the increased
phosphorylation of the pseudo-substrate myelin basic protein and Nek7 autophosphorylation
(Figure 5E). Concomitantly, this telomeric DNA damage-induced Nek7 activation also led to
increased phosphorylation of GST-TRFL.

To further determine if the kinase activity of Nek7 is functionally important, we performed a
clonogenic assay using either a WT Nek7 or a kinase-dead Nek7(KM) mutant to rescue
Nek7-KD cells from oxidative damage-induced cell death (Figure 5F). As expected, we
found that clonogenic survival was consistently lower for the Nek7(KM)-rescued cells as
compared with WT Nek7 in a light dose-dependent manner. This result indicates that Nek7
kinase activity is important to maintain cell viability when encountering oxidative telomeric
damage.

TRF1 Serll14 Is the Target Phosphorylation Site by Nek7

Given that Nek7 binds to TRF1 in response to telomeric DNA damage and is able to
phosphorylate TRF1 in vitro, we next performed MS analyses based on the in vitro kinase
assay to identify the Nek7 targeted phosphorylation sites in TRF1 (Figure 6A). We identified
a single phosphorylation site at Ser114 in TRF1, which exhibited an approximate 20-fold
increase in phosphopeptide counts between the WT Nek7 and the Nek7(KM) mediated
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kinase reaction. To evaluate the phosphorylation site in vivo, we undertook mass
spectrometry for TRF1 in cells. We also detected the phosphorylation of Serine 114 on
TRF1 in cells in which we induced oxidative telomere damage (Figure S6A). Ser114 is
localized at the LSSL motif of the TRFH domain in TRF1, a region known to be critical for
binding to Fbx4, a subunit of the E3 ligase complex SCFFBX4 that plays a key role in the
regulation of TRF1 stability (Lee et al., 2006). This result strongly suggests that Nek7 may
regulate TRF1 stability through phosphorylating its Ser114 site. Indeed, molecular modeling
based on the crystal structure of the TRF1 and Fbx4 interaction surface revealed that
negative charges introduced by Nek7-mediated Ser114 phosphorylation perturb the
interaction of TRF1 with Fbx4 through the LSSL motif (Figure 6B).

TRF1 Ser114 Phosphorylation Disrupts the Interaction between TRF1 and Fbx4

To further determine if indeed the Nek7-mediated TRF1 Ser114 phosphorylation plays a key
role in regulating the TRF1-Fbx4 protein-protein interaction, we substituted TRF1 Ser114
with an aspartate as a phosphomimetic (§114D mutant) or alanine (S114A) (non-
phosphorylated). We first verified that both of the TRF1(S114A) and TRF1(S114D) mutants
can localize to telomeres in the same way as WT TRF1 (Figure S6B). Next, we examined
the interaction of these mutants with Fbx4. We found that Fbx4 interacted with WT TRF1
but not the phosphomimetic TRF1(S114D) (Figure 6C; Figure S6C). To further confirm that
TRF1 Ser114 phosphorylation specifically mediated by Nek7 regulates TRF1 interaction
with Fbx4, we co-expressed shRNA-resistant WT TRF1 or TRF1(S114A) mutant with either
WT Nek7 or Nek7(KM) mutant in TRF1/Nek7 double-KD cells. Following light-induced
telomeric DNA damage, we found that TRF1 interaction with Fbx4 was greatly reduced in
WT Nek7-expressing cells compared with that in Nek7(KM)-expressing cells (Figure 6D).
However, under the same conditions, TRF1(S114A) binding to Fbx4 was similar in WT
Nek7 and Nek7(KM)-expressing cells (Figure 6D), indicating strongly that Nek7 was the
specific kinase for TRF1 Ser114 phosphorylation, and this phosphorylation event prevents
TRF1 interaction with Fbx4.

The shelterin protein Tin2 serves as a linker protein between TRF1 and TRF2 dimers. More
important, Tin2 acts to shield TRF1 from degradation by preventing TRF1 from binding to
SCFFBX4_ Given that the Nek7-mediated phosphorylation of TRF1 at Ser114 prevents the
interaction of TRF1 with Fbx4, we reasoned that TRF1 Ser114 phosphorylation may
increase its association with Tin2. Indeed, we found that the phosphomimetic mutant
TRF1(S114D) displayed an increased association with Tin2 compared with that of WT
TRF1 or the TRF1(S114A) mutant in a pull-down assay (Figure 6E). Consistently, re-
expression of Nek7 in Nek7-KD cells led to increased TRF1-Tin2 interaction in response to
telomeric DNA damage (Figure 6F). The high level of Tin2 could stabilize TRF1 expression
in Nek7-KD cells to some extent (Figure S6D), which also supports the idea that Tin2 serves
as the major factor for stabilizing TRF1 in counteracting E3 ligase binding (Zeng et al.,
2010). However, the efficiency of stabilization was much lower compared with Nek7 (Figure
2F; Figure S6E), indicating Nek?7 is a key factor to protect TRF1 stability after damage.
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Nek7-Mediated TRF1 Serl114 Phosphorylation Prevents TRF1 from Proteasomal

Degradation

Phosphorylation of TRF1 at Ser114 by Nek7 prevents its interaction with Fbx4 E3 ligase,
suggesting that phosphorylated TRF1 might be resistant to ubiquitin E3 ligase-mediated
proteasomal degradation. We thus measured the stability of TRF1(S114A) and
TRF1(S114D) in HeLa cells treated with the protein synthesis inhibitor cycloheximide. As
expected, the phosphomimetic TRF1(S114D) mutant exhibited a slower degradation rate
than the non-phosphorylated TRF1(S114A) mutant (Figure 7A). Furthermore, we found that
Nek7 expression had little effect on TRF1(S114A) expression (Figure 7B, bottom).

Finally, we knocked down Nek7 and determined if TRF1 could be degraded through the
ubiquitin-mediated proteasome degradation pathway. Using Myc-tagged ubiquitin, we
detected substantially increased poly-ubiquitinated TRF1 in Nek7 knockdown cells in
response to light-induced DNA damage compared with that in control cells (Figure 7C),
indicating that non-phosphorylated TRF1 was more susceptible to polyubiquitin-dependent
degradation.

Nek7-Mediated TRF1 Ser114 Phosphorylation Protects Cells from DNA Damage-Induced

Cell Death

Because the kinase-dead Nek7(KM) mutant had reduced ability to rescue cells from
oxidative telomeric DNA damage-induced cell death compared with WT Nek7 in a
clonogenic assay (Figure 5F), we reasoned that Nek7 may protect cells from oxidative DNA
damage through its phosphorylation of TRF1 at Serl114. To test this possibility, we
introduced WT TRF1 or the phosphomimetic TRF1(S114D) mutant into Nek7/TRF1
double-knockdown cells (Figure 7D). We found that the phosphomimetic TRF1(S114D)
mutant was more capable of supporting cell survival than WT TRF1 following light-induced
telomeric DNA damage (Figure 7D). This result suggests that the telomere protection
function of Nek?7 is delivered primarily through phosphorylation and stabilization of TRF1.

DISCUSSION

The intrinsic G-rich sequence of telomeres renders it a predisposed genomic region for
oxidative damage (Hewitt et al., 2012; Petersen et al., 1998). Telomeric oxidative damage
triggers telomere shortening and dysfunction. Shelterin proteins play central roles to prevent
telomeres from being recognized as strand breaks and thus inhibit an inappropriate DDR at
telomeres (Sfeir and de Lange, 2012). In this study, we identify Nek7 as an upstream
regulator for TRF1 to protect telomeres in the face of oxidative telomeric DNA damage.
Nek7-deficient cells manifest cell death and chromosome instability with accumulated
oxidative damage, implicating unstable telomeres under inadequate TRF1 protection. We
demonstrate that Nek7 is a critical factor to maintain telomere integrity by phosphorylating
TRF1 and preserving TRF1 in a functional shelterin complex at telomeres.

TRF1 plays a major role in the regulation of telomere replication (Sfeir et al., 2009).
However, we did not observe the recruitment of Nek7 to telomeres under replication stress
or throughout the S phase (Figure S1F), indicating that the function of Nek7 in stabilizing
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TRF1 may not result from the telomere replication problems and may not be necessary for
facilitating telomere replication. During mitosis, the association of TRF1 with telomeres
displays a cell cycle-dependent oscillation, exhibiting decreased telomeric binding during
the S phase and increased binding afterward (Verdun et al., 2005; Verdun and Karlseder,
2006). The release of TRF1 prompts telomeric chromatin changes and creates a temporarily
open status to facilitate end processing (Poulet et al., 2012). It is possible that a repair
process for oxidative telomeric DNA damage might also be accompanied by temporary or
partial TRF1 release, leading to a transient capping and uncapping intermediate status at the
damaged telomere sites. The released TRF1 is subsequently targeted by the Fbox4-E3 ligase
complex for proteasomal degradation. However, because the intermediate configuration is
inevitable and necessary for both mitosis and DNA repair progression, if the intermediate
status is persistent, telomeres will be unstable because of insufficient shelterin proteins for
telomere protection. This intermediate telomere configuration is recognized by DDR
proteins but is still resistant to DNA repair-mediated telomere fusions or cell-cycle arrest at
the initial stage (Cesare et al., 2009). Knockdown of Nek?7 in cells did not affect immediate
cell-cycle progression (Figure S2), indicating that Nek7 deficiency did not cause acute
activation of a cell-cycle checkpoint. However, the light-induced reduction of cell survival
suggests that the high level and constant accumulation of damage will eventually cause
telomere catastrophe and cell death in Nek7-deficient cells. In this regard, Nek7 is more
likely to be involved in telomere end protection at the stage of intermediate configuration.
Interestingly, we also found that Nek?7 is preferentially recruited to telomeres during the cell
cycle in the later G2/M phase without exogenous DNA damage (Figure S7), indicating that
there is some similarity in the biology of this cell-cycle stage to that of oxidative DNA
damage at the telomeres. Other cell-cycle kinases, such as CDK1, are reported to negatively
regulate telomeric binding of TRF1 during the cell cycle (McKerlie et al., 2012; McKerlie
and Zhu, 2011). How Nek7 cooperates with other pathways to elastically regulate the
abundance of telomeric TRF1 during the cell cycle needs further investigation. Together,
Nek?7 likely acts as a feedback loop to prevent excessive loss of TRF1 and to balance TRF1
expression upon oxidative damage and during the cell cycle, thereby maintaining telomere
physiological function.

Stabilization of the shelterin complex at telomeres plays a decisive role in controlling the
compacted telomere configuration and protecting the telomere from the DDR. Within the
complex, TRF1 binds telomeric DNA and works with Tin2 to control the compacted
telomeric chromatin, thereby contributing to the suppression of telomeric DNA damage
(Bandaria et al., 2016). We identified phosphorylation of the TRF1 S114 site both in an in
vitro kinase assay and in vivo using mass-spectrometry analysis (Figure 6A; Figure S6A).
We show that Nek7 phosphorylates TRF1 at Ser114 and in turn maintains stability of the
shelterin complex at telomeres. It is known that Tin2 stabilizes the whole shelterin complex
by bridging several key telomeric binding proteins, TRF1, TRF2, and Potl. Loss of any
telomeric DNA-binding proteins or disruption of their interaction with Tin2 enlarges the
telomere volume and leads to the accumulation of damage foci. TRF1 Ser114 is located at
the interface region LSSL of TRF1, which is responsible for association with Tin2 and Fbx4.
Previous studies have shown that mutation of Leu115 or Leu120 to arginine in LSSL motif
abrogates the interaction of TRF1 with Fbx4, confirming the critical importance of this motif
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for Fbx4 recognition (Zeng et al., 2010). Hence, in terms of the mutually exclusive
interaction of TRF1 with Fbx4 and Tin2, Nek7 phosphorylation of TRF1 at Ser114
safeguards TRF1 from degradation by disrupting interaction with its cognate E3 ligase, thus
allowing it to be retained at telomeres and increasing the association with Tin2 to maintain
the shelterin complex (Figure 7E, left). Nek7-mediated TRF1 Ser114 phosphorylation is
likely to be the key regulatory mechanism that governs the dynamic stability of TRF1
through binding to Tin2 and Fbx4 under oxidative stress (Figure 6G). The increase in Tin2-
bound TRF1 may be an indirect effect of inhibiting the Fbx4-dependent TRF1 degradation.
This suggests that the Nek7-mediated Ser114 phosphorylation, but not the Tin2 binding to
TRF1, is important for TRF1 stabilization after damage. The shelterin complex stabilized by
Nek7 may also prevent exposure of the telomeric ends and protect cells from excessive
telomeric DNA damage.

The efficient recruitment of Nek7 to telomeres is dependent on ATM but not tankyrase 1. It
is known that ATM phosphorylates DNA damage sensors required for the accumulation of
regulatory proteins involved in the DDR and chromosome end processing (Chowdhury et al.,
2005; Dantuma and van Attikum, 2015). It is unclear how ATM regulates or recruits Nek7 to
telomeric oxidative damage. Both the constitutively active and the kinase-dead Nek7
mutants could be recruited to telomeres, indicating that the Nek7 recruitment and Nek7
activation are independent processes. The Nek7 recruitment may not be directly associated
with its activation by ATM or a yet to be determined kinase. However, the dependency on
ATM also points to the possibility that ATM may phosphorylate histones or other proteins
after DNA damage to facilitate recruitment of Nek7 to the damaged telomeres. Interestingly,
it has been reported that the telomeric association of ATM is reduced in S phase but
gradually increased during the G2/M phase (Verdun et al., 2005) in a manner very similar to
that of Nek7 (Figure S7). Future studies will be necessary to understand the role of the
ATM-Nek7-TRF1 pathway at the molecular level in this process.

With all of our data taken together, we propose that Nek7 stabilizes TRF1 via
phosphorylating TFR1 at Ser114, which protects TRF1 from Fbx4-mediated proteasomal
degradation, thereby protecting telomeres from oxidative DNA damage and possibly during
mitosis (Figure 7E). When Nek?7 is deficient, TRF1 Ser114 is not phosphorylated; thus it is
degraded by the Fbx4-mediated proteasome pathway, resulting in a sustained DDR at
telomeres and unstable telomeres. Oxidative and end-replicative stress then accelerates the
telomere shortening-coupled shelterin loss, which eventually leads to telomere crisis and cell
death (Hayashi et al., 2015; Maciejowski et al., 2015). The gradual accumulation of DNA
damage at telomeres due to insufficient TRF1 signals telomere dysfunction, which is
considered as a pre-crisis telomere (Figure 7E, right). Such a protection mechanism
involving Nek7-mediated phosphorylation and stabilization of TRF1 strikes a balance
between accessibility of DNA repair proteins and the detrimental impact of over-exposing
telomere DNA.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-yH2AX EMD Millipore Cat# 05-636, clone JBW301; RRID: AB_309864
Anti-53BP1 Novus Cat# NB100-304; RRID: AB_10003037
anti-Nek7 Cell Signaling Technology  Cat# 3057; RRID: AB_2150676

TelC-Cy3 PNA Bio Cat# F1002

anti-TRF1 Sigma-Aldrich Cat# T1948; RRID: AB_477562

anti-TRF1 Abcam Cat# ab10579; RRID: AB_2201461

anti-Myc (Rabbit) Santa Cruz Cat# SC-789; RRID: AB_631274

anti-Myc (Mouse) Sigma-Aldrich Cat# M4439, clone 9E10; RRID: AB_439694
anti-TRF2 Santa Cruz Cat# SC-9143; RRID: AB_2201333
anti-Potl Abcam Cat# ab124784; RRID: AB_10975313
anti-Tin2 Abcam Cat# ab197894

anti-Flag Sigma-Aldrich Cat# F1804, clone M2; RRID: AB_262044
anti-Tubulin Homemade Ascite

Alexa Fluor goat anti-Mouse 488

Thermo Fisher Scientific

Cat# A28175; RRID: AB_2536161

Alexa Fluor goat anti-Rabbit 488

Thermo Fisher Scientific

Cat# A27034; RRID: AB_2536097

Chemicals, Peptides, and Recombinant Proteins

Ku-55933 Sigma-Aldrich Cat# SML1109
PJ34 Sigma-Aldrich Cat# P4365
G007-LK EMD Millipore Cat# 504907
KaryoMAX Colcemid Thermo Fisher Scientific Cat# 15212012

Yeast tRNA Thermo Fisher Scientific Cat# 15401-011
Crystal violet Sigma-Aldrich Cat# C6158
20 x SSC Thermo Fisher Scientific Cat# 15557036
Aphidicolin Sigma-Aldrich Cat# 89458
Cycloheximide Sigma-Aldrich C7698
MG132 Sigma-Aldrich C2211
Formamide (Deionized) Ambion Cat# AM9342
IPTG Sigma-Aldrich Cat# 16758
ANTI-FLAG M2 Affinity Gel Sigma-Aldrich A2220
Dynabeads M-280 Streptavidin Thermo Fisher Scientific 11205D
Anti-c-Myc Agarose Thermo Fisher Scientific 20168
glutathione Sepharose 4B GE Healthcare Life 17-0756-01
Sciences
Pierce Protein G Agarose Thermo Fisher Scientific 20398
L-glutathione Sigma-Aldrich G4251
GST-TRF1 Home-made N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
Critical Commercial Assays

QuikChange site-directed mutagenesis kit Agilent Technologies Cat# 200524
KOD PCR kits EMD Millipore Cat# 71086
Deposited Data

TRF1-Fbx4 structure Zeng et al., 2010 PDB 3L82
Experimental Models: Cell Lines

U208 ATCC HTB-96
Flp-in KR-TRF1 293 cells Sun et al., 2015 N/A
Hela 1.3 Dr. Robert Tsai Lab N/A
HelLa This paper N/A
293FT Cell Line Thermo Fisher Scientific R70007
Recombinant DNA

EGFP-C1-Nek7/Nek7 Y97A (Y97)/Nek7 This paper N/A
K63, 64M (KM)

pLVX-KR-TRF1 Sunetal., 2015 N/A
pLVX -KR-TRF2 This paper N/A
pCMV-RFP-TRF1 Sunetal., 2015 N/A
pRK5-Myc-TRF1/TRF1 S114D/TRF1 S114A  This paper N/A
pRK5-Flag-Nek7/Nek7 Y97A (Y97)/Nek7 This paper N/A
K63, 64M (KM)

pRK5-HA-Tin2 This paper N/A
pRK5-Flag-Fbx4 This paper N/A
Myc-Ubiquitin This paper N/A
pDest-Nek7-cYc This paper N/A
pDest-TRF1-Yn Lee etal., 2010 N/A
3xFlag-TRF1-Fokl Choetal., 2014 N/A
GFP-53BP1 Lan et al., 2014 N/A
pcDNA-flag-ATM Lan et al., 2014 N/A
tetR-KR Lanetal., 2014 N/A
EGFP-XRCC1 Lanetal., 2014 N/A
EGFP-FEN1 Lan et al., 2014 N/A
EGFP-PCNA Lanetal., 2014 N/A
EGFP-NTH1 Lan et al., 2014 N/A
EGFP-Ligase IV Lanetal., 2014 N/A
EGFP-Polymerase B(Polp) Lanetal., 2014 N/A
GST-TRF1 Dr. Kunping Lu Lab N/A
PET22-6 x His-Nek7 This paper N/A
pACT-TRF1L/TRF1 S114D This paper N/A
pBTM116-Fbx4 This paper N/A
CRISPR p300 Dr. Feng Zhang Lab N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Sequence-Based Reagents

shControl sequence: aattctccgaacgtgtcacgt This paper N/A
shRNA-2 Nek7-1 targeted Nek7 sequence: This paper N/A
ccggatatgggctataataca

shRNA-2 targeted Nek7 sequence: This paper N/A
ctccgacagttagttaatatg

ShRNA targeted TRF1 sequence: This paper N/A
aacgtattctgtaaagcttaa

Nek7 siRNA Thermo Fisher Scientific Cat# M-003795-02-0005
siRNA Targeted Tankyrase sequence: This paper N/A
AACAAUUCACCGUCGUCCUCUU

sgRNA targeted Nek7 sequence: This paper N/A
CATCCATTGTCTGAAGCAAC

sgRNA targeted Nek7 sequence: This paper N/A
ACAATGGATGAGCAATCACA

sgRNA targeted Nek7 sequence: This paper N/A
TACTAACGCTCAGAGCTTAC

sgRNA targeted Nek7 sequence: This paper N/A
GGGGCAGGTACAAAATGTAC

Software and Algorithms

ImageJ NIH https://imagej.nih.gov/ij/

Olympus FVV1000 confocal software Olympus N/A

PyMOL (For TRF1-Fbx4 crystal structure) Warren Lyford DeLano https://www.pymol.org/

MASCOT search engine (For Mass Matrix Science Ltd Version 2.4.0

Spectrometry)

Scaffold (For Mass Spectrometry) Proteome Software http://www.proteomesoftware.com/products/scaffold/

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to and will be fulfilled by the
corresponding author Li Lan (lil64@pitt.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

shRNA stable cell lines—HeLa cells stably expressing KR-TRF1 or RFP-TRF1 with
either shNek?7, or scrambled sShRNA or 293 cells stably expressing shTRF1 were generated
by lentiviral infection and selected with puromycin (1 mg/ml, Hyclone). Overexpressing
KR-TRF1 in shNek7 HelLa cells was achieved by first infecting HeLa cells with shNek?7-
expressing lentivirus followed by puromycin selection, then sequentially infecting with KR-
TRF1-expressing lentivirus twice at 24 hr intervals. All cells were cultured in DMEM with
5% CO?.

CRISPR-Cas9 design and analysis—The plasmids for CRISPR-Cas9 were obtained
from Feng Zhang’s Lab. All sgRNAs were designed using the website (http://crispr.mit.edu).
The target sequences were indicated in Figure 2. For sgRNA construction, a pair of
synthesized oligos was annealed and digested by Bpi I, and then ligated into the linearized
vector. For CRISPR knockout cells, U20S and Flp-in TREX KR-TRF1 293 cells were co-
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transfected with plasmids containing the targeting sequences. The cells were passaged on 96
well plates to form single cell colonies. All the single cell colonies were primarily identified
by PCR using KOD polymerase and then western blotting with Nek7 antibody.

METHOD DETAILS

Colony formation assay—Hela cells stably expressing shCtrl/shNek7 and KR-TRF1
shCtrl/shNek7+KR-TRF1 or shNek?7 stable U20S cells transiently expressing KR-TRF1
were seeded into 60 mm petri dishes (350 cells/dish). Cells were illuminated with or without
15 W white light for the indicated time period 8 hr later until cells were attached. After 10
days, cells were fixed and stained with 0.3% crystal violet in methanol.

Immunofluorescence and microscopy and CO-FISH—For endogenous yH2AX and
53BP1 staining, cells were seeded on 3.5 cm glass bottom dishes (MatTekCo.) and were
activated after 48 hr of siRNA transfection and 24 hr of KR-TRF1 transfection. After the
indicated recovery time, cells were quickly washed with PBS three times and fixed in 3.7%
formaldehyde solution for 15 min at room temperature in the dark, then washed three times
with PBS and permeabilized with 0.2% Triton X-100 in PBS for 10 min. Cells were then
blocked for 1 hr at room temperature in a blocking buffer containing 5% BSA (Sigma) in
PBS. Cells were then incubated with primary antibody dilutions (1:1000) at 4°C overnight.
After washing three times with PBST (0.05% Tween-20 in PBS), cells were incubated with
the secondary antibody dilution for 1 hr at room temperature in the dark. Following three 5
min washes with PBST, cells were stained with DAPI and imaged using an Olympus
F\V1000 confocal microscopy system (Cat. FIOPRDMYR-1, Olympus). F\V1000 software
was used to acquire images. ImageJ was applied for the calculation of the percentage of co-
localization at the site of KR.

For CO-FISH, cells were fixed, permeabilized and blocked as described. After being
blocked, telomere FISH was performed by adding hybridizing solution (70% deionized
formamide [Ambion, AM9342], 0.1% BSA, 0.5 ng/ml tRNA [Invitrogen], 0.06 3 SSC
[Roche], and 125 nM TelC-Cy3 [PNA Bio F1002]) and heating for 5 min at 80°C on a heat
block. After incubation for 2 hr, cells were washed twice with wash buffer A (70% deionized
formamide, 10 mM Tris-HCI). Cells were then immunostained with primary antibody,
followed by an Alexa Fluor-488-conjugated secondary antibody (Thermo Fisher Scientific).

Immunoprecipitation and immunoblotting—HeLa or Flp-in TREX KR-TRF1 293
cells were transfected with indicated plasmids by Lipofectamine 2000 (Invitrogen). KR-
TRF1 expression was induced in Flp-in TREX KR-TRF1 293 cells by tetracycline, 2 ug/ml,
for 24 hr. For damage induced interaction, cells were light exposed for 1 hr before
immunoprecipitation. For immunoprecipitation, cells were washed with PBS twice and then
lysed in buffer A(20 mM Tris-HCI, pH 7.9; 1 mM EDTA; 0.2% NP-40; 20 mM NaF; 10 mM
B-glycerophosphate; 10 mM pyrophosphate; 0.5mM NazVOy; and 1 mM PMSF proteasome
inhibitor cocktail). After incubation on ice for 10 min with occasional mixing, the cell
lysates were centrifuged at 5,000 rpm for 1 min at 4°C to pellet the nuclei. Then buffer B (50
mM Tris-HCI, pH 7.5, 100 mM NaCl, 1 mM EDTA, 0.2% NP-40, 20 mM NaF, 10 mM p-
glycerophosphate, 10 mM pyrophosphate, 0.5 mM NaVO3, and 1 mM PMSF cocktail) was
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added with 3 x pellet volume. The nuclear extracts were homogenized by passing through
25-gauge needles 5 to 7 times and then kept on ice for another 20 min. The lysates were
centrifuged at 12,000 rpm for 10 min at 4°C and supernatants were collected for
immunoprecipitation. Anti-myc antibody (1 ug) was added for 5 hr and 30 pl of a 50%
slurry of protein G-Sepharose beads (Thermo Fisher Scientific) was added for another 1 hr.
Fortelomeic DNA IP, a biotin conjugated double strand telomeric sequence (TTAGGG') was
incubated with streptavidin dynbeads (Dynabeads® M-280 Streptavidin, Thermo Scientific)
at room temperature for 2 hr. Then the dynabeads were added into the lysate and incubated
for 4 hr. The precipitated proteins were washed four times with buffer B and then subjected
to immunoblot analysis. For ubiquitination of TRF1, interaction of TRF1 with Tin2 or Fbx4,
cells were lysed as described before (Chen et al., 2008; Lee et al., 2006). For
immunoblotting, cells were lysed directly in lysis buffer (LB) (50 mM Tris-HCI, pH 7.5; 150
mM NaCl; 1 mM EDTA,; 1% Triton X-100; 20 mM NaF; 10 mM B-glycerophosphate; 10
mM pyrophosphate; 0.5 mM NazVOy,; and 1 mM PMSF proteasome inhibitor cocktail). In
the protein stability assay, cells were treated with cycloheximide (100 pg/ml, Sigma) and
collected at indicated time points. Relative protein levels in the immunoblots were quantified
using ImageJ image analysis software. The protein levels were normalized to tubulin and the
relative levels at time O defined as 100%.

Telomere fluorescence in situ hybridization (FISH) on metaphase spreads—
HeLa cells stably expressing KR-TRF1 were light-activated for 1 hr, then allowed to recover
for 12 hr before being treated with colcemid (Invitrogen). For synchronization, 0.1 pg/ml
colcemid was added to cells for 3 hr. Following treatment, cells were collected, swollen in
75 mM KCl, fixed four times with methanol/acetic acid (3:1), and dropped on to glass slides
with 50% humidity. After incubation overnight, slides were washed with PBS for 5 min,
fixed with 3.7% formaldehyde for 10 min, washed twice with PBS, and then incubated with
RNase 100 pg/ml in PBS at 37°C for 10 min. After being washed with PBS, slides were
consecutively immersed in a cold ethanol series (75%, 85%, and 100%) for 2 min each.
Slides were left in a vertical position or a cold air stream was used to dry the slides.
Hybridizing solution (70% deionized formamide [Ambion, AM9342], 0.1% BSA, 0.5 ng/ul
tRNA [Invitrogen], 0.06 x SSC [Roche], and 125 nM TelC-Cy3 [PNA Bio F1002]) was
added to the slides and covered with a coverslip. The spreads were denatured for 3 min at
80°C on a heat block and hybridized at 37°C for 2 hr, then washed twice for 15 min each
with 37°C pre-warmed wash buffer A (70% deionized formamide, 10 mM Tris-HCI). Slides
were then washed twice for 5 min each with buffer B (100 mM Tris-HCI, pH 7.0; 150 mM
NaCl; 0.08% Tween-20). The chromosomal DNA was stained with DAPI, which was added
to the second wash. Slides were then mounted and images were captured with the Olympus
FV1000 confocal microscopy system.

Purification of GST-TRF1, His-Nek7 and in vitro kinase assay—GST-TRF1 was a
gift from the Kuping Lu lab. Nek7 was constructed into a pET22 6 x His tag vector using
EcoRI and Hindlll. GST-TRF1 and His-Nek7 were expressed in Rosetta bacteria or BL21.
One-liter cultures of £. colitransformed with the GST-TRF1/His-Nek7 expression vector
were incubated overnight in the presence of 1 mM isopropyl p-D-1-thiogalactopyranoside
(IPTG, Sigma) at 25°C. The cell pellet was re-suspended in LB (50 mM Tris-HCI, pH 7.9;
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500 mM NaCl; 1 mM EDTA,; 5% glycerol; 1 mM DTT; 1% Triton) and then lysed by
sonication. Following centrifugation, the supernatant of His-Nek7 was purified with a His
column. The supernatant of GST-TRF1 was collected and incubated with 500 pl of a 50%
slurry of glutathione Sepharose 4B (GE Healthcare Life Sciences, 17-0756-01) for 30 min at
room temperature. Then the beads were washed three times with LB and three times with
elution buffer (50 mM Tris-HCI, pH 7.9; 150 mM NacCl). The bound proteins were eluted
with LB containing 30 mM L-glutathione (Sigma). Flag-Nek7 was isolated from Flp-in
TREX 293 KR-TRF1 and shNek7 stable cells that were transiently transfected with Flag-
Nek7 or a mutant. For light induction, the cells were light exposed for 1 hr. The
immunoprecipitation of Flag-Nek7 was as described above. After incubation with 30 pl of a
50% slurry of Flag M2 agarose beads (Sigma, A2222) for 2 hr, immunoprecipitates were
washed twice with the lysis buffer B and three times with the kinase buffer (50 mM HEPES,
pH 7.5; 5 mM MgCly; 0.2% NP-40; 2 mM pyrophosphate). For the Nek7 kinase assay,
immunoprecipitates were incubated in a final volume of 50 pl of kinase buffer containing
500 UM ATP, 1.0 mCi of [y32P]-ATP, and 2 pg GST-TRF1 at 30°C for 20 min. The reaction
was terminated by the addition of 12.5 ul of 5 x SDS sample buffer and incubated at 95°C
for 5 min. Kinase reactions were resolved by SDS-PAGE, and radiolabeled bands were
visualized by autoradiography.

Mass spectrometry analysis for phosphorylation sites of TRF1—Samples were
prepared for mass spectrometry by incubating Nek7 immunoprecipitates in a final volume of
50 pl of kinase buffer containing 1 mM ATP and 2 pg GST-TRF1 at 30°C for 20 min. The
reactions were resolved by loading on SDS-PAGE and stained with Coomassie blue. The
GST-TRF1 bands were cut from the gels, and each gel slice was destained with 50%
acetonitrile/25 mM ammonium bicarbonate. Reduction and alkylation was conducted by
incubating the gel bands in the presence of 10 mM DTT at 56°C for 1 hr followed by 1 hr of
incubation in the dark with the addition of 55 mM iodoacetamide. Enzymes (trypsin,
chymotrypsin, or endopeptidases GIuC or LysC) were added to dried gel pieces and
digestion was allowed to proceed overnight at 37°C. The resultant proteolytic peptides were
extracted with 70% acetonitrile/5% formic acid, vacuum dried, and re-constituted in 0.1%
formic acid for LC-MS/MS analysis. For LC-MS/MS analysis, proteolytic peptides were
analyzed by nano LC-MS/MS with a Dionex HPLC system (Dionex Ultimate 3000,
ThermoFisher Scientific, San Jose, CA) interfaced to a linear ion trap MS (LTQ-XL,
ThermoFisher Scientific). The Dionex HPLC system was operated with a double-split
system to provide an in-column nano-flow rate (~300 nl/min). Peptides were separated on a
C18 column (PicoChip column packed with 10.5 cm Reprosil C18 3 um 120 A
chromatography media with a 75 pm 1D column and a 15 pm tip, New Objective, Inc.,
Woburn, MA). The mass spectrometer was operated in a data-dependent MS/MS mode in
which each full MS spectrum was followed by MS/MS scans of the 8 most abundant
molecular ions. Dynamic exclusion was enabled to minimize redundant selection of peptides
previously selected for CID. MS/MS spectra were searched against a human protein
sequence database (modified to include the GST-TRF1 sequence) using the MASCOT
search engine (\ersion 2.4.0, Matrix Science Ltd). The mass tolerance was set at 1.4 Da for
the precursor ions and 0.8 Da for fragment ions. Enzyme specificity was set according to the
corresponding enzyme used for each digestion, with two missed cleavages allowed.
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Carboxyaminomethylation of cysteine residues was set as a static modification and oxidation
of methionine residues was set as a variable modification. Identification results were further
filtered with Scaffold (Proteome Software, Portland, Oregon, USA). Extracted ion
chromatograms from full scan spectral data (MS1) were extracted through Skyline software
and used as a surrogate metric for peptide abundance. The extracted ion chromatogram
peaks were manually inspected to make sure that the proper peaks were selected. The
observed full MS peaks for GST-TRF1 peptides were all within 5 parts per million (ppm).

Yeast two-hybrid assay—Yeast two-hybrid assays were performed as previously
described (Moretti et al., 1994; Zeng et al., 2010). Colonies containing the L40 strain
harboring pBTM116 and PACT2 (Clontech) fusion plasmids were selected on Leu-Trp
plates. p-Galactosidase activities were measured by a liquid assay.

QUANTIFICATION AND STATISTICAL ANALYSIS

Image and immunoblotting Analysis—Image and immunoblotting analysis was
performed using ImageJ software (NIH). Mean intensity of immunoblotting was measured
within an defined area containing gel band. Foci analysis of Nek7, yH2AX and 53BP1 was
performed by analysis of foci colocalization with KR-TRF1 using ImageJ.

Statistics—Statistical analysis was done using GraphPad Prism version 6.0 (GraphPad
Software Inc). Statistical parameters and tests including the exact value of n, the definition
of center, dispersion and precision measures (mean = SEM) and statistical significance are
reported in the Figures and Figure Legends. Data are judged to be statistically significant
when p < 0.05 by two-tailed Student’s t test. In figures, asterisks denote statistical
significance as calculated by Student’s t test (* p < 0.05; **p < 0.01; ***p < 0.001).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Nek? is an important regulator for telomere stability
Nek?7 interacts and stabilizes TRF1 at telomeres upon oxidative damage
Nek7 phosphorylates TRF1 at S114 and prevents Fbx4-mediated degradation

TRF1 stabilization by Nek7 is critical for cell survival after oxidative damage
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Figure 1. Nek7 Is Recruited to Telomeres and Protects Cells from Telomeric DNA Damage
(A) Schematic illustration of the KillerRed-TRF1-induced oxidative DNA damage at sites of

telomeres.

(B) Recruitment of Nek7 to telomeres in the presence or absence of telomeric DNA damage
in U20S cells. The percentages of cells with positive Nek7 foci (=5) at telomeres are shown.
The scale bars represent 2 um. Error bars represent + SEM (n = 3, ***p < 0.001).

(C) Recruitment of Nek7 to telomeres in the presence or absence of telomeric DNA damage

in HelLa 1.3 cells.

(D) Telomere aberrations (arrows) in control (shCtrl) and Nek7 knockdown (shNek7) HeLa
cells. Telomeric DNA was stained by Tel C-Cy3 (red) and total DNA by DAPI (blue). The
percentage of sister telomere loss (a) and sister telomere association (b) are shown. Error
bars represent £ SEM (n = 3, 4,500 chromosomes, **p < 0.01).
(E) Telomere and chromosomal aberrations in shNek7-treated HeL a cells after KR-TRF1-
induced oxidative telomeric DNA damage (shNek7+KR-TRF1). (a) Fragile telomeres; (b1
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and b2) intrachromosomal telomeric insertions. The table shows quantification of telomere
aberrations in cells.

(F) Colony formation assays for shCtrl- or shNek7-U20S cells transiently expressing KR-
TRF1. Nek7 expression levels are shown (insert).

(G) Recruitment of Nek7 under treatment of ATM inhibitor. U20S cells were either
untreated (control) or treated with ATM inhibitor KU55933 (10 uM) for 1 hr before being
exposed to light for 1 hr. Error bars represent + SEM (n = 3).

See also Figures S1 and S2.
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Figure 2. Nek7 Stabilizes TRF1 upon Oxidative Telomeric DNA Damage
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(A) Percentage of yH2AX TIF in siCtrl- or siNek7-U20S cells expressing KR-TRF1. Cells
were exposed to light for 10 min and then recovered in the dark for indicated time periods.

Error bars represent £ SEM (n = 3).

(B) Percentage of 53BP1 TIF in siCtrl- or siNek7-U20S cells co-expressing KR-TRF1 and

GFP-53BP1 were analyzed.

(C) Immunoblotting to detect yH2AX expression in shCtrl- or shNek7-HeLa cells stably
expressing KR-TRF1. Relative expression of yH2AX was normalized to KR-TRF1.

(D) Expression of TRF1, TRF2, Pot1, Tin2 in shCtrl, shNek7 knockdown Flp-in T-REX

KR-TRF1 293 cells and shNek7 knockdown cells rescued by Flag-Nek?7. Cells had light-

induced telomere damage.

(E) Expression of TRF1 and KR-TRF1 in shCtrl and two Nek7 shRNA knockdown Flp-in T-

REX KR-TRF1 293 cell lines was determined.

(F) The Myc-TRF1 expression level in HeLa cells with increasing Flag-Nek7 expression

was determined. Tubulin expression was used as a loading control.

(G) The design for Cas9-CRISPR KO cells (top). Genotyping results and colony formation

assays are shown (bottom).

(H) Expression of TRF1, TRF2, Pot1, and Tin2 in WT and two Flp-in T-REX 293 KR-TRF1

Nek7 KO cell lines.
See also Figures S2 and S3.
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Figure 3. Stabilization of TRF1 by Nek7 Occurs at the Post-translational Level
(A) TRF1 mRNA level in control or Flag-Nek?7 transfected HelLa cells was measured by

real-time PCR. Error bars represent + SEM (n = 3, p = 0.23).

(B) Relative TRF1 expression in shCtrl and shNek7 knockdown Flp-in T-REX KR-TRF1
293 cells was analyzed. Cells were treated with CHX (100 mg/ml) for the indicated time
periods, in the absence or presence of 15 mM MG132, and expression was determined. Error
bars represent £ SEM (n = 3, *p < 0.05).

(C) Myc-TRF1 expression in control (Flag-empty vector) or Flag-Nek?7 transfected HeLa
cells was analyzed.

(D) shNek7 knockdown HeLa cells co-transfected with KR-TRF2, Myc-TRF1, and Flag-
Nek7 were either untreated, or treated with CHX or an ATM inhibitor alone, or together as
indicated. Cells were then exposed to light for an additional 1 hr before being analyzed for
Myc-TRF1 expression. Error bars represent + SEM (n = 3).

See also Figure S4.
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Figure 4. Nek7 Is Recruited and Interacts with TRF1 at Telomeres in Response to Oxidative
Telomeric DNA Damage

(A) Schematic illustration of a bimolecular fluorescence complementation (BiFC) assay.
(B) Interaction of TRF1 and Nek7 using a BiFC assay in HeLa 1.3 cells. The nuclei were
stained with DAPI (blue).

(C) The interaction of TRF1 and Nek7 in U20S cells at telomeres. Telomeres were stained
by PNA Tel C-Cy3 (red).

(D) Co-immunoprecipitation of Myc-TRF1 and Flag-Nek?7 in HeLa cells after telomeric
DNA damage.

(E) TRF1 binds to endogenous Nek7 in HeLa cells.

(F) Inhibition of ATM prevents TRF1 and Nek7 interaction in Flp-in TREX KR-TRF1 293
cells.

See also Figure Sb.
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Figure 5. Nek7 Catalytic Activity Is Required to Phosphorylate and Stabilize TRF1
(A) The recruitment of Nek7 mutants to telomere damage sites.

(B) Co-immunoprecipitation of TRF1 with Nek7 mutants.

(C) Myc-TRF1 was co-transfected with Nek7 mutants (Y97A or KM) in Nek7-KD Hel a
cells, and its expression determined by IB. The relative Myc-TRF1 expression is shown.
(D) In vitro kinase assay for Nek7 activity. Recombinant GST and GST-TRF1 were purified
and used as substrates. Flag-Nek7 was immunoprecipitated from shNek7 Flp-in T-REX KR-
TRF1 293 cells and used as the enzyme for the kinase assay.

(E) In vitro kinase assay for Nek7 on TRF1 with or without telomeric DNA damage. GST-
TRF1 and MBP were used as substrates for the Flag-Nek7 or Flag-Nek7 KM mutant.

(F) Colony formation assays for shNek7 U20S cells co-expressing KR-TRF1 and an
shRNA-resistant Flag-Nek7 or an Flag-Nek7 KM mutant. Error bars represent £ SEM (n =
3).
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Figure 6. Nek7-Mediated TRF1 S114 Phosphorylation Prevents TRF1 Interaction with Fbx4,
Leading to an Increased Interaction with Tin2

(A) TRF1 phosphor peptides identified by a liquid chromatography-tandem mass
spectrometry (LC/MS) analysis. The ratio of S114 phosphorylation between the Nek7 and
Nek7 KM samples are shown. Error bars represent + SEM (n = 5).

(B) Surface representation of S114 phosphorylated TRF1 with Fbx4 (left), or non-
phosphorylated TRF1 with Fbx4 (right). Green ribbons represent TRF1 structure. Blue
indicates positive charges, and red indicates negative charges. Enlarged images from the
interacting surface are shown.

(C) Phosphor-mimicry TRF1 S114D mutation disrupts the TRF1 interaction with Fbx4.

(D) The Fbx4 interaction with TRF1 or TRF1 S114A mutant in the presence of Nek7 or
Nek7(KM) expression after DNA damage. shTRF1 and shNek7 Flp-in TREX 293 cells were
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co-transfected KR-TRF2, Flag-Fbx4 with plasmids as indicated. The relative Fbx4 binding
to TRF1 was quantified (n = 4). Error bars represent £ SEM (n = 4).

(E) The interaction of Flag-Tin2 with Myc-TRF1 or Myc-TRF1 mutants (S114A or S114D).
shTRF1 stably expressing Flp-in TREX 293 cells was co-transfected with Flag-Tin2, Myc-
TRF1, or Myc-TRF S114A or S114D mutants as indicated.

(F) Interaction of TRF1 with Tin2 in HeLa cells with or without Nek7 knockdown in the
presence of telomeric DNA damage. Flag-control vector or an shRNA-resistant Flag-Nek7
plasmid was co-transfected with Myc-TRF1 and HA-Tin2 in shNek7 HeLa cells as
indicated. The relative TRF1 binding to Tin2 was quantified (n = 3). Error bars represent +
SEM (n =3).

(G) A model illustrating Nek7 regulation of TRF1 and Fbx4 interaction.

See also Figure S6.
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Figure 7. Nek7-Mediated TRF1 Phosphorylation Prevents TRF1 Ubiquitination and
Proteasome-Targeted Protein Degradation

(A) Relative expression of Myc-TRF1mutants (S114A or S114D) in HelL a cells were
analyzed. See also Figure 3B.

(B) Wild-type Myc-TRF1 and Myc-TRF1 S114A expression levels in HeLa cells with
increased Flag-Nek7 expression were determined by IB.

(C) Ubiquitination of TRF1 in the absence or presence of telomeric DNA damage. Myc-
ubiquitin (Myc-Ub) and KR-TRF1 plasmids were co-transfected into shCtrl-treated or
shNek7-2-treated HelL a cells.

(D). Colony formation assays for shTRF1 and shNek7 double-knockdown U20S cells co-
expressing KR-TRF2 and an shRNA-resistant Myc-TRF1 or an Myc-TRF1 S114D. Error
bars represent £ SEM (n = 3).

(E) Model of how Nek?7 protects telomere integrity after DNA damage.
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