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SUMMARY

Oxidative damage to telomere DNA compromises telomere integrity. We recently reported that the
DNA glycosylase NEIL3 preferentially repairs oxidative lesions in telomere sequences /in vitro.
Here, we show that loss of NEIL3 causes anaphase DNA bridging due to telomere dysfunction.
NEIL3 expression increases during S phase and reaches maximal levels in late S/G2. NEIL3 co-
localizes with TRF2, and associates with telomeres during S phase and this association increases
upon oxidative stress. Mechanistic studies reveal that NEIL3 binds to single-stranded DNA via its
intrinsically disordered C-terminus in a telomere sequence-independent manner. Moreover, NEIL3
is recruited to telomeres through its interaction with TRF1, and this interaction enhances the
enzymatic activity of purified NEIL3. Finally, we show that NEIL3 interacts with APE1 and the
long patch base excision repair proteins PCNA and FEN1. Taken together, we propose that NEIL3
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protects genome stability through targeted repair of oxidative damage in telomeres during S/G2
phase.
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INTRODUCTION

The ends of mammalian chromosomes are capped by telomeres that prevent chromosome
ends from being misidentified as broken DNA strands. The shelterin complex, which
contains the telomere binding proteins TRF1, TRF2, and POT1 (Palm and de Lange, 2008),
shields telomeres from recognition by DNA damage response (DDR) proteins, making
telomeres refractory to DNA repair (Fumagalli et al., 2012; Karlseder et al., 1999). However,
guanine has the highest oxidation potential of the nucleotides and is especially susceptible to
oxidation in tandem or repeat sequences (Oikawa and Kawanishi, 1999). Therefore, the G-
rich telomere repeats in proliferating cells are exceptionally vulnerable to reactive oxygen
species that result from normal metabolic processes (Liu et al., 2002). When exposed to
oxidative stress under /n vivo or in vitro conditions, telomeres harbor more DNA lesions
than other regions of the genome (Hewitt et al., 2012; Wang et al., 2010). If left unrepaired,
these oxidative lesions may compromise the binding of shelterin proteins to telomere DNA
(Opresko et al., 2002) or lead to telomere defects and eventually apoptosis (Deng et al.,
2008; Liu et al., 2002). Furthermore, telomere dysfunction has been shown to contribute to
the initiation and progression of tumorigenesis as demonstrated by telomere erosion, DNA
bridging, and chromosomal instability in colon, prostate, and breast cancers (Chin et al.,
2004; Meeker et al., 2002; Rudolph et al., 2001).
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Most oxidative lesions are repaired by the base excision repair (BER) pathway (Dianov and
Lindahl, 1994). BER is initiated by a DNA glycosylase that excises damaged bases,
resulting in apurinic/apyrimidinic (AP) sites. The recruitment of downstream BER proteins
results in cleavage of the AP site by an endonuclease (i.e. AP Endonuclease 1 or APE1), gap
filling by a DNA polymerase and ligation by a DNA ligase, thus restoring the original
sequence (for reviews see (Hegde et al., 2008; Wallace, 2014)). BER can be divided into
short-patch (SP-BER) and long-patch (LP-BER) sub-pathways based on the enzymes
involved and the size of newly synthesized DNA insert. Polymerase B and DNA ligase 111
are involved in short-patch BER (SP-BER) (Dianov and Lindahl, 1994; Kubota et al., 1996),
which typically entails the excision of a single nucleotide, whereas long-patch BER (LP-
BER) utilizes the PCNA-dependent replicative polymerases, a flap DNA endonuclease
FENZ1, and DNA ligase I to replace a stretch of 2-20 nucleotides (Fortini et al., 1998;
Klungland and Lindahl, 1997). Interestingly, expression of LP-BER genes is enriched during
S phase, whereas SP-BER genes are equally expressed in all cell cycle phases (Mjelle et al.,
2015). Furthermore, LP-BER enzymes, including FEN1, are recruited to telomeres through
an interaction with the telomere-associated proteins TRF1 and TRF2, which have been
shown to have a stimulatory effect on LP-BER (Fotiadou et al., 2004; Miller et al., 2012;
Muftuoglu et al., 2006).

NEIL3 is a member of the Nei-like (NEIL) DNA glycosylase family, which also includes
NEIL1 and NEIL2. NEIL1 and NEIL2 have an overlapping function with the housekeeping
DNA glycosylase NTH1 but can also initiate BER during specific processes: NEIL1 acts
during DNA replication while NEIL2 associates with active transcription sites (Dou et al.,
2003; Hegde et al., 2013). Currently, the cellular functions of NEIL3 are only beginning to
be understood. NEIL3 is distinguished from the other NEILs by an exceptionally long
intrinsically disordered CTD, which doubles the size of the protein (Liu et al., 2010; Liu et
al., 2012). Although we have characterized the NEIL3 glycosylase domain /n vitro and
showed it to prefer lesions in single-stranded DNA (ssDNA) and quadruplex DNA over
duplex DNA (Krokeide et al., 2009; Liu et al., 2010; Liu et al., 2012; Zhou et al., 2013), the
function of its large CTD remains unknown.

The NEIL3 DNA glycosylase is an intriguing candidate for repairing oxidative damage in
telomeric sequences in proliferating cells. DNA glycosylases have been implicated in
protecting telomere integrity (Vallabhaneni et al., 2013; Wang et al., 2010), and we recently
showed that the purified glycosylase domain of NEIL3 preferentially removes oxidative
lesions from telomere DNA (Zhou et al., 2013). We also showed NEIL3 to excise lesions
from telomere G-quadruplexes, DNA structures that are normally inhibitory to DNA
processing enzymes (Fleming et al., 2015; Zhou et al., 2015; Zhou et al., 2013). Moreover,
expression of NEIL3 is restricted to cells with a high proliferative capacity, such as adult/
embryonic stem cells and hematopoietic cells (Reis and Hermanson, 2012; Torisu et al.,
2005), while NEIL3 expression is repressed in non-dividing cells (Neurauter et al., 2012). In
adult humans, NEIL3 transcripts are only detectable in the thymus and testes (Morland et al.,
2002; Torisu et al., 2005), whereas in mice, transcripts are also present in the spleen, bone
marrow, and regenerative subregions of the brain (Hildrestrand et al., 2009; Torisu et al.,
2005). Interestingly, NVei/3 nullizygous mice display proliferation defects in several adult
stem/progenitor cell populations (Hildrestrand et al., 2009; Regnell et al., 2012; Rolseth et
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al., 2013; Torisu et al., 2005), while expression of NEIL3 is significantly elevated in sixteen
cancerous tissues (Hildrestrand et al., 2009). In addition, we recently showed that splenic T
and B cells as well as germinal center B cells from Nei/37~ mice suffer increased apoptosis
and cell death (Massaad et al., 2016). Taken together, these data suggest that NEIL3 may
play an essential role in protecting telomere integrity in actively dividing cells.

Here, we report a thorough spatiotemporal study of NEIL3 localization during the cell cycle,
and identify a novel, mechanistic link between NEIL3-dependent DNA repair and telomere
integrity. To ensure genomic stability, NEIL3 specifically repairs DNA damage in telomeres
during late S phase, presumably through the LP-BER pathway. Furthermore, we identify
several important protein-protein interactions involving the intrinsically disordered C-
terminal domain of NEIL3 with TRF1, and LP-BER proteins. Our results rationally explain
the upregulation of NEIL3 in many highly proliferative cell types, including cancer cells.

Ablation of NEIL3 results in a prolonged metaphase and an increase in anaphase DNA

bridges

Several studies show that NEIL3 plays a critical role in proliferating cells (Hildrestrand et
al., 2009; Reis and Hermanson, 2012; Torisu et al., 2005). We thus asked whether NEIL3 is
essential for cell proliferation and examined the consequences of NEIL3 depletion in cells.
We first attempted to generate stable knockdown cell lines. Despite utilizing multiple
approaches and cell types, we were unable to recover NEIL3 knockdown cells following
selection, which supports previous data showing that NEIL3 is essential in proliferating cells
(Reis and Hermanson, 2012; Sejersted et al., 2011). We then attempted to transiently reduce
NEIL3 levels using a panel of five sSiRNAs. The most efficient sSiRNA with minimal off
target effects was then used in the subsequent experiments. The efficiency of knockdown
was first confirmed by Western blotting (Figure 1A) of synchronized HCT116 cells at S and
G2/M phases (3 and 6 hours after release from double thymidine block, T3 and T6,
respectively), where NEIL3 showed high expression. siNEIL3-treated cells contained much
lower NEIL3 protein than the control siRNA-treated cells at both time points tested (Figure
1A). We later confirmed the knockdown by measuring the mean fluorescence intensity
(MF1) of NEILS3 relative to a-tubulin in metaphase cells (Figure 4F).

To assess whether the timing of mitosis was affected when NEIL3 was transiently depleted,
we utilized time-lapse microscopy to image actively dividing HCT116 cells stably
expressing GFP-H2B treated with scramble or NEIL3 siRNA (Figure 1B-C). While
untreated and scramble siRNA-treated cells progressed through mitosis (from DNA
condensation to chromatid separation) at a similar rate (49+18 min and 45+21 min, Figure
1B-C; Videos 1 and 2), a reduction in NEIL3 levels typically led to metaphase arrest prior to
attempting to complete mitosis (179121 min; Figure 1B—C). The majority of the siNEIL3-
treated cells (70%) displayed aberrant mitoses, with 52% arrested during metaphase and
then undergoing apoptosis while the remaining 18% displayed an extended metaphase delay
(i.e. longer than 45 min) before completing mitosis (Figure 1D; Videos 3 and 4,
respectively). We also observed an increase in DNA bridging during anaphase in knockdown
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cells compared to untreated and scramble siRNA-treated cells but no significant effect on
chromosome fragmentation (Figure 1E).

Knockdown of NEIL3 increases telomere dysfunction

Our recent studies show that NEIL3 preferentially removes damaged bases from telomere
DNA and telomere G-quadruplexes /n vitro (Fleming et al., 2015; Zhou et al., 2015; Zhou et
al., 2013). We hypothesized that the mitotic defects observed after NEIL3 knockdown
(Figure 1) could be due to dysfunctional telomeres resulting from a failure in DNA repair.
We therefore compared the number of telomere defects in metaphase spreads of SiNEIL3-
and control siRNA-treated HCT116 cells using telomere fluorescence /n situ hybridization
(FISH) (Figure 2). NEIL3 was successfully knocked down by two siRNA (siNEIL3-B and
SINEIL3-C, Figure 2A). Telomeres were visualized with a Cy3-labeled peptide nucleic acid
(PNA) probe against the G-strand (Figure 2B). Telomere loss, telomere fusion between sister
chromatids, extra telomere signals, and telomere associations between chromosomes were
identified from deconvolution micrographs (Figure 2C). Upon NEIL3 knockdown, we
observed a 2-fold increase in telomere loss and sister chromatid fusions as well as significant
increases in extra telomere signals and chromosome association in comparison to scramble-
treated cells (Figure 2D).

To examine whether chronic NEIL3 loss also leads to telomere defects, we performed the
telomere FISH experiments in primary mouse embryonic fibroblasts (MEFs) from Neil3
knock out and WT control mice. We found that the NVei/3~ cells presented similar telomere
defects to those observed in NEIL3-depleted HCT116 cells. The Nei/3/~ cells develop more
telomere loss, duplication and fusions than littermate-matched WT control cells (Figure
S6A-B). To test if the enzymatic activity of NEIL3 is required for telomere protection, we
examined the telomeres of primary human fibroblasts from a patient with a NEIL3 D132V
mutation, which abolishes the glycosylase activity of NEIL3 (Massaad et al., 2016). We
observed a more than 2-fold increase in telomere loss in the D132V cells from the patient,
compared to the WT control cells from the patient’s healthy sibling (Figure S6C). However,
we did not find a difference in telomere duplication or fragile telomeres between the D132V
mutant and WT cells. Together, we conclude that chronic loss of Nei/3leads to telomere
defects and that the catalytic activity of NEIL3 is required, at least in part, to protect
telomeres.

To determine whether the telomere defects we observed upon NEIL3 knockdown were
caused by telomere dysfunction, telomere dysfunction induced foci (TIF) assays were
performed. TIFs were visualized and identified as the 53BP1 foci that co-localized with
TRF2 foci (Figure 2E). We observed a clear increase of TIFs in two NEIL3 siRNA-treated
groups compared to the control siRNA-treated cells (Figure 2F). Together, these data show
that the reduction in NEIL3 levels correlates with an increase in telomere dysfunction, which
leads to metaphase arrest, increased DNA bridging during anaphase, and ultimately
decreased cell proliferation.
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NEIL3 expression increases during S phase and reaches maximal levels during G2/M in
cancer cell lines and primary CD4* lymphocytes

To better understand the role that NEIL3 plays in protecting telomere integrity, we examined
the expression profile and subcellular localization of NEIL3 throughout the cell cycle. We
first used flow cytometry to assess NEIL3 protein levels during different phases of cell
division, utilizing the well-characterized HeLa cell line. Cells were synchronized at early S
phase using a double thymidine block, and NEIL3 was immunoprecipitated from cell lysates
at the indicated time points following release (Figure 3A). Cells displayed a high degree of
synchronization through the first cell division (approximately 14-16 h; Figure 3B). NEIL3
(~68 kDa) was undetectable immediately after release into S phase and reached maximal
levels six hours post-release (Figure 3C), which corresponds to the late S/G2 phase (Figure
3B). On average, NEIL3 levels increased five-fold above basal levels when normalized to
GAPDH (Figure 3C). Unlike previously published results (Neurauter et al., 2012), we did
not detect NEIL3 during early S phase in HeLa cells, which corresponds to time point TO.
This discrepancy may be due to differences in cell lines (cancer cells versus fibroblasts) and
the methods used for synchronization (double thymidine block versus serum starvation).

Since induction of cell synchrony can perturb signaling and transcriptional pathways, we
also analyzed the MFI of NEIL3 relative to DNA content in asynchronous cultures by flow
cytometry (Figure 3D-E; for gating schemes, see Figure S1B). We also expanded our studies
from HeLa cells to CEMss and Jurkat cell lines (CD4* T lymphocytes derived from
lymphoblastic leukemias) and activated primary CD4* T cells from healthy donors. In all
four cell types, NEIL3 displayed the highest MFI in cells containing a relative 4N DNA
content (G2/M; Figure 3D-E), which corroborated both our microscopy and
immunoprecipitation data. The two T lymphocyte lines, CEMss and Jurkat, as well as the
primary CD4* T cells exhibited a higher overall NEIL3 signal compared to HeLa cells, but
we again observed that the highest MFI occurred in the G2/M subpopulation (Figure 3D).
Based on these data, we conclude that NEIL3 may initially function during late S phase and
into G2, which correlates well with the final steps of telomeric DNA synthesis and end
processing into capped structures (Verdun and Karlseder, 2006; Zhao et al., 2009).

NEIL3 localizes to the interphase nucleus and is sequestered to spindle microtubules

during mitosis
We next analyzed the spatiotemporal localization of NEIL3 in HeLa cells and T
lymphocytes (Figure 4). In HeLa cells, we observed two distinct immunofluorescence
staining patterns for NEIL3 during interphases. In the majority of cells, little to no NEIL3
signal was detectable (Interphase 1; Figure 4A). A smaller population of interphase cells
presented a high intensity, speckled pattern in the nucleus (Interphase 2; Figure 4A). Upon
entry into mitosis, the nuclear NEIL3 signal dissociated from the condensing DNA in
prophase and re-localized to the mitotic spindle. As cells transitioned from anaphase to
telophase, the NEIL3 signal shifted to the central spindle and then accumulated at the
intercellular bridge and abscission zone (bottom row; Figure 4A). Interestingly, although
sharing a relatively similar localization during cytokinesis, NEIL3 did not display significant
co-localization with Aurora B on the central spindle or the intercellular bridge (Figure S4A,
middle and right panels). Instead, the Aurora B signal preceded NEIL3 along the central
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spindle before accumulating at the abscission zone. Similar spatiotemporal localizations
were observed in CEMss cells (Figure 4B) and activated primary CD4* T cells (Figure 4C).
We confirmed the NEIL3 localization using three antibodies generated against N-terminal or
C-terminal epitopes as well as using different fixation methods, including methanol,
glutaraldehyde, and paraformaldehyde, indicating that these localizations were not an
artifact of sample preparation (Figure S1A and data not shown).

During mitosis, NEIL3 exhibited a strong co-localization with microtubules of the mitotic
and central spindle (r = 0.62+0.33; Figure 4D). To further confirm the localization of NEIL3
during mitosis and validate the specificity of our siRNAs, mitotic NEIL3 staining of
SINEIL3- or scramble siRNA-treated HCT116 cells was performed, and we observed a
specific and effective reduction of NEIL3 signal during metaphase (Figure 4E—F).
Knockdown of NEIL3 did not affect spindle organization nor was centrosome replication or
positioning perturbed (Figure 4E). Taken together, these data indicate that NEIL3 is not
involved in DNA processes during mitosis, since the NEIL3 signal re-localized away from
the condensing DNA to spindle microtubules during the G2/M transition. We conclude that
the telomere defects and the abnormalities in chromosome separation in NEIL3-deficient
cells are due to events that occurred in late S-phase or G2 prior to mitosis.

NEIL3 localization to telomeres is enhanced after oxidative stress during late S phase

To understand how NEIL3 promotes telomere stability prior to mitosis, we first asked if
NEIL3 localizes to telomeres using immunofluorescence imaging. U20S cells were used in
these experiments because of their long average telomere lengths, which yield enhanced
signals of TRF2 foci staining and therefore, potentially NEIL3 foci. We observed that
NEIL3 foci co-localized with the telomere marker TRF2 in U20S cells (Figure 5A and
Figure S2), with 58.4% of NEIL3 foci overlapping TRF2 foci. To exclude the possibility of
cross-reactivity of secondary antibodies, a different set of secondary antibodies was used to
perform the same experiments, and similar results were observed (Figure S3), with 66.5% of
NEIL3 foci overlapping TRF2 foci. We thus conclude that NEIL3 localizes to telomeres in
U20S cells. We also performed immunofluorescence in HeLa cells that possess shorter
telomeres compared to U20S cells; however, we were not able to analyze co-localization in
HelLa cells due to low signal intensities in both channels (data not shown). To exclude the
possibility that the telomere localization of NEIL3 is specific to telomerase-negative cells
(such as U20S cells), we performed the colocalization experiments with the telomerase-
positive glioblastoma cell line T98G. We did observe partial colocalization of NEIL3 with
TRF1 in T98G cells, although the colocalization was not as great as in U20S cells (Figure
S7A-B), with 31.7% of NEIL3 foci overlapping TRF1 foci.

Using chromatin immunoprecipitation (ChlP), we then asked if NEIL3 directly associates
with telomeres. We utilized quantitative PCR (qPCR) to analyze the enrichment of NEIL3 to
telomeres in ChlP samples (Figure 5B-D). HeLa cell proteins were cross-linked 6 hours
after a thymidine block when cells are in late S/G2. TRF2 and H3 antibodies were used as
telomere-specific and telomere-non-specific positive controls for ChlP and qPCR (see
Materials and Methods for details). The TRF2 antibody showed highly specific ChIP with
telomere DNA, indicating that the ChIP/gPCR method is suitable for analysis of telomere
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association (Figure 5B). We found that the amount of telomere DNA, but not Alu DNA, was
significantly higher in NEIL3 ChIP samples compared to negative controls. In addition, the
amount of telomere DNA was much higher than Alu DNA in the NEIL3 ChIP samples,
indicating a specific enrichment of NEIL3 at telomeres compared to other repetitive
sequences (Figure 5B).

We previously showed that NEIL3 preferentially recognizes DNA base damages (thymine
glycol and 5-OHU) in the context of telomere sequences and efficiently removes base
damages from telomere quadruplex DNA (Zhou et al., 2015; Zhou et al., 2013). Based on
these results and our current observations, we asked whether NEIL3 directly functions in
repair of oxidative damage at telomeres. We synchronized HeL a cells and treated them with
H»0, during S phase, and then ChIP experiments were performed on lysates harvested
during late S/G2 phase. We observed the same ChlIP pattern in the H,O,-treated samples as
in the untreated samples: NEIL3 was enriched in telomeres but not Alu elements (Figure
5C). Importantly, there was a greater than two-fold enrichment of telomere DNA in NEIL3
ChIP samples following H,O, treatment compared to the untreated samples (compare first
columns of Figure 5C to 5B). In addition, this enrichment of NEIL3 to telomere DNA was
dose-dependent in response to H,O, concentration (Figure 5D). Of note, NEIL3 also
became detectable at Alu sequences after H,O, treatment; however, the level of NEIL3
present at the Alu sequence was much lower than at the telomere sequence, and it was not
dependent on H,0, dose. These data demonstrate that NEIL3 localization to telomeres is
enhanced upon oxidative stress, implying that NEIL3 is recruited to telomeres to repair
oxidative damage during S phase.

NEIL3 interacts with TRF1 and binds ssDNA in a hon-telomere-specific manner

Next, we addressed how NEIL3 is recruited to telomeres. One possibility is that NEIL3
binds to telomere DNA specifically. To test this hypothesis, DNA pulldown assays were
carried out using biotin-labeled DNA with different sequences and structures. As shown in
Figure 6B, endogenous NEIL3 from HelLa whole cell lysates was able to bind telomere
ssDNA and G-quadruplex DNA but not double-stranded DNA. However, the binding was
not telomere sequence-specific, since NEIL3 also bound to a random sequence DNA (ssR).
To confirm this, we tested if the HA-tagged full length NEIL3, the N-terminal glycosylase
domain (N-terminus, aal-281, refer to the domain map in Figure 6A), or the intrinsically
disordered CTD (C-terminus, aa282—605) associated with double-stranded, ssG or ssC
telomere sequences (Figure 6C). The HA-tagged full length NEIL3 and the CTD alone were
readily pulled down by biotinylated ssDNA mimicking G-strand and C-strand telomere
sequences but they bound very weakly to double-stranded telomere DNA. We did not detect
any DNA binding by the HA-tagged N-terminal construct. Together, these data suggest that
NEIL3 is capable of binding telomere DNA via its CTD but the binding is not telomere
sequence-specific, indicating that other mechanisms are involved in the specific enrichment
of NEIL3 to telomeres.

We then tested if protein-protein interactions were mediating the recruitment of NEIL3 to
telomeres. We focused on components of the shelterin complex, specifically TRF1, TRF2,
and POTZ1, which bind specifically and directly to telomere DNA. Using co-
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immunoprecipitation experiments, we detected an interaction between NEIL3-HA and TRF1
but not with TRF2 or POT1 (Figure 6D). The TRFH domains of TRF1 and TRF2 have been
reported to mediate multiple protein-protein interactions that include the TIN2-TRF1
interaction (Chen et al., 2008). To understand if the NEIL3-TRF1 interaction is mediated by
the TRFH domain, we performed the co-IP in extracts of transiently transfected HEK293
cells. We found that NEIL3 interacted with wild type TRF1 but not the TRFH mutant F142A
(Figure 6E), which has been shown to abolish TIN2 interaction (Chen et al., 2008).
Although NEIL3 co-immunoprecipitated with TRF1 but not TRF2, when we switched the
TRFH domain of TRF2 with that of TRF1 (chimeric TRF2, TRFcT), we now observed the
chimeric TRF2, TRFcT, to interact with NEIL3 (Figure SSA-B). These data indicate that
NEIL3 specifically interacts with TRF1 through its TRFH domain.

To confirm this result and assess whether this interaction was mediated by the N-terminal or
the C-terminal domain of NEIL3, we tested the protein interactions using a modified Far-
Western technique. The strongest interaction with TRF1 occurred in the context of the full-
length protein when the CTD is present (NEIL3-FL), although we did observe a weak
interaction with the glycosylase domain alone (NEIL3-GD, Figure 6F). The interaction is
also unique to NEILS3, since no interactions with NEIL1 or NEIL2 were detected under the
same conditions (Figure 6F). The CTD alone could not be tested, since we are not able to
purify the disordered CTD. These results support a model where NEIL3 is recruited to
telomeres by a CTD-dependent interaction with TRF1.

Finally, we asked if the recruitment of NEIL3 to telomeres was TRF1 dependent in cells. We
used the glioblastoma cell line T98G, and TRF1 knock down and ChIP were carried out.
The knockdown was very efficient as confirmed by immuno-staining (Figure S5C).
Moreover, after TRF1 knockdown, there was a 5.2-fold decrease of NEIL3-bound telomere
DNA. Although the NEIL3-bound Alu DNA also showed a decrease after TRF1
knockdown, the difference was smaller (2.9-fold). Also, NEIL3 bound telomere DNA much
better than the Alu sequence when TRF1 was present; however, when TRF1 was knocked
down, NEIL3 bound both sequences similarly. These results not only show clearly that the
recruitment of NEIL3 to telomeres is TRF1-mediated, but also demonstrate that NEIL3
selectively binds to telomeres independently of cell-type.

The C-terminal domain is required for maximal NEIL3 activity and interacts with LP-BER
components

Since components of the shelterin complex have been shown to stimulate the LP-BER
pathway (Fotiadou et al., 2004; Miller et al., 2012; Muftuoglu et al., 2006), we next assessed
whether the interaction between the NEIL3 CTD and TRF1 affected the enzymatic activity
of NEIL3. We quantified the activity of purified full length NEIL3 (NEIL3-FL; Figure 7A,
7C) or the glycosylase domain alone (NEIL3-GD; Figure 7B, 7D) in the presence or absence
of TRF1. Since TRF1 specifically binds double-stranded telomere DNA, we utilized duplex
telomere DNA with the oxidative lesion guanidinohydantoin (Gh) as the substrate. The
catalytic activity of full-length NEIL3 was higher in the presence of TRF1 (Figure 7C).
However, in the absence of the CTD, TRF1 strongly inhibited the activity of the NEIL3
glycosylase domain (Figure 7D). In these reactions, the ratio of DNA substrate: TRF1:NEIL3
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was 1:20:20. We also tested the ratio of 1:10:4, and found TRF1 to stimulate the activity of
NEIL3 under this condition as well (Figure S7C-D). Thus, our data show that the
intrinsically disordered CTD is required for maximal activity of NEIL3 on TRF1-bound
telomere DNA. However, without testing all reaction conditions, there is a possibility that
NEIL3 may have an additional role, independent of its enzymatic activity, in protecting
telomeres. This is also suggested by the milder phenotype observed in D132V mutant cells
compared to the NEIL3 knockout cells (Figure S6).

Since LP-BER enzymes are enriched specifically in S-phase (Mjelle et al., 2015) when
NEIL3 expression is also high, we examined if NEIL3 functions in concert with other LP-
BER enzymes. We tested a panel of BER proteins for their interaction with NEIL3 by co-
immunoprecipitation (Figure 7E). Using NEIL3-HA, we detected an interaction between
NEIL3 and the LP-BER proteins, PCNA and FEN1. In contrast, we did not detect an
interaction between NEIL3 and polymerase 3, which is the polymerase that primarily
functions in SP-BER. In addition, we also observed an interaction with the AP endonuclease
APE1 but not with APE2 (Figure 7E). Since NEIL3 has a weak lyase activity (Krokeide et
al., 2013; Liu et al., 2010), this interaction may be important in mediating cleavage of the
DNA strand for efficient repair of telomere damages.

Next, we confirmed these interactions and mapped the interaction domain in NEIL3 by Far-
Western analysis (Figure 7F). NEIL1 and NEIL2 glycosylases were included as controls.
Endogenous PCNA and FENZ1, but not APE1, were detected in association with purified
NEIL1 as well as NEIL2 but with weaker affinity, which agrees with previous reports (Das
et al., 2006; Hegde et al., 2013; Wiederhold et al., 2004). Using this technique, we
confirmed that NEIL3 interacts with PCNA, FEN1, and APE1 (Figure 7F), which confirms
the co-1P data (Figure 7E). Additionally, we revealed that PCNA and FEN1 associated with
the glycosylase domain and full-length NEIL3 (NEIL3-GD and NEIL3-FL), suggesting an
interaction with the N-terminus of NEIL3. However, the full-length NEIL3 interacts with
APEL1 strongly while the glycosylase domain only binds to APE1 weakly, indicating that this
interaction is primarily mediated by the NEIL3 CTD (Figure 7F). Together, our data
demonstrate that NEIL3 interacts directly with downstream LP-BER enzymes and indicate
that NEIL3 can protect telomeres from oxidative damage by initiating LP-BER at telomeres.

DISCUSSION

We recently found that splenic T and B cells as well as germinal center B cells from Neil3 "/~
mice display a marked increase in apoptosis and cell death and, as a result, increased
predisposition to autoimmunity (Massaad et al., 2016). Our current study reveals an essential
role for NEIL3 in protecting telomere integrity by coordinating repair of oxidative damage
in actively dividing cells. We provide evidence that the absence of NEIL3 in proliferating
cells results in telomere dysfunction that contributes to the formation of DNA bridges,
aberrant mitoses, and consequent cell death. Based on our data, we propose the following
model for NEIL3 cellular function. NEIL3 is targeted to telomeres through a CTD-
dependent interaction with the TRFH domain of TRF1 during late S- and G2- phases when
NEIL3 levels are elevated. NEIL3 initiates DNA repair of oxidative damage and
subsequently recruits APE1, FEN1 and PCNA to complete the repair process, presumably
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via long-patch BER. Finally, as cells transition into mitosis, NEIL3-dependent repair is
inhibited by sequestering the protein to the mitotic spindle.

While genomic DNA is readily repaired, telomeres appear to be refractory to DDR and DNA
repair pathways due to their highly repetitive sequences, associated proteins, and unique
structures (reviewed (Fouquerel et al., 2016)). Specifically, the G-strand telomere DNA can
form inhibitory secondary structures termed G-quadruplex DNA (Lipps and Rhodes, 2009).
In biochemical assays, NEIL3 is one of the two DNA glycosylases that can remove oxidized
bases from G-quadruplex DNA structures (Fleming et al., 2015; Zhou et al., 2015; Zhou et
al., 2013). Following oxidative damage, G-quadruplex structures can form and “loop out”
the damaged ssDNA region thus making it an ideal substrate for NEIL3 (Fleming et al.,
2015). Furthermore, the catalytic domain of NEIL3 contains a DNA binding pocket that can
accommodate a broad spectrum of damages (Liu et al., 2010; Liu et al., 2013). These
biochemical features suit NEIL3 well for its role in telomere repair. We propose that the
flexibility of NEIL3 to repair multiple forms of telomere DNA, its broad lesion specificity,
and its preference for telomere sequences make this enzyme an ideal candidate for initiating
BER at telomeres.

BER enzymes have been reported to function in telomere protection, primarily in yeast and
mouse cells. DNA polymerase B interacts with TRF2 and induces telomere dysfunction
when ectopically expressed in a murine mammary cell line (Fotiadou et al., 2004). Nithl17/~
mice suffer from telomere attrition and increased recombination, DNA damage foci and
fragile telomere sites in bone marrow cells (Vallabhaneni et al., 2013). In Oggl-deficient
mouse cells, altered telomere length was observed (Wang et al., 2010). It appears that
depletion of BER enzymes generally deteriorates telomere homeostasis. However, the
phenotype we observed after NEIL3 knockdown was more severe than the reported effects
of Nthl1 and Oggl depletion. The targeted telomere repair of NEIL3 as well as its broad
substrate specificity (Liu et al., 2010; Liu et al., 2013; Zhou et al., 2013) may account for its
importance in maintaining telomere integrity. Moreover, the major human endonuclease
APEL1 plays an important role in telomere maintenance (Madlener et al., 2013). Interestingly,
NEIL3 interacts with APE1 (Figure 7E), and we found that NEIL3 colocalizes with APE1 at
anaphase bridges (Figure S4B-D). These data suggest that the two may share a common
mechanism to protect genome stability, that is, to keep telomeres base-damage free and
potentially resolve anaphase bridges. Our current study not only highlights the importance of
BER enzymes in telomere maintenance but also provides a more detailed mechanism as to
how a DNA glycosylase functions at telomeres.

TRF1 and TRF2 are scaffolding proteins that bind specifically to telomere duplex DNA and
recruit a number of DNA repair enzymes to telomeres, including the non-homologous end
joining (NHEJ) protein Ku (Chen et al., 2008; de Lange, 2002) and BER enzymes
polymerase p and FEN1 (Fotiadou et al., 2004; Muftuoglu et al., 2006). Our study here
shows that NEIL3 can also be targeted to telomeres through a TRF1-dependent interaction
via disordered CTD of NEIL3 with the TRFH domain of TRF1 (Figure 6E and Figure S5A-
B). Furthermore, this interaction with TRF1 is necessary for the optimal activity of NEIL3
on duplex telomere DNA. The mechanism for how NEIL3 accesses shelterin-protected
damages may be unique to NEIL3, since other DNA glycosylases do not have such a large
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CTD. Although NEIL1 has a short CTD that is known to recruit interacting proteins (Hegde
et al., 2013), we showed that NEIL1 does not bind to TRF1 (Figure 6F). In addition, NEIL3
expression is cell cycle regulated and elevated in late S-phase, during which time the LP-
BER enzymes are the most abundant (Mjelle et al., 2015). Both TRF1 and TRF2 have been
shown to promote LP-BER in the telomere DNA context (Miller et al., 2012). These lines of
evidence strongly suggest that NEIL3 initiates LP-BER of oxidative damages in telomeres.

Although our data do not directly allow us to determine if NEIL3 depletion leads to TRF1/
TRF2 disruption, it is a possible mechanism. Loss of TRF2 causes telomere fusion and
anaphase bridging (van Steensel et al., 1998). We and others have previously shown that loss
of BER enzymes increases oxidative damages in telomere DNA and therefore attenuates
TRF2 and TRF1 binding (Opresko et al., 2005; Vallabhaneni et al., 2013). Also, the
interaction of NEIL3 with TRF1 may prevent telomere fusions by limiting double strand
breaks in telomeres. Oxidative base damages can block polymerases and cause replication
folk stalling that leads to double-strand breaks (Aller et al., 2007). In addition, excessive
base damages may cause secondary double strand breaks, if closely placed on opposite
strands (Yang et al., 2004). NEIL3, through its interaction with TRF1, may prevent
accumulation of base damages and thus double strand breaks in telomeres. In support with
this hypothesis, our TIF assay data show that depletion of NEIL3 by siRNA leads to
increased 53BP1 foci formation at telomeres (Figure 2E—F), suggesting an increase of NHEJ
between telomere ends.

Our findings may also have broader implications in cancer biology. Expression of NEIL3 is
up-regulated in sixteen human cancer tissues (Hildrestrand et al., 2009) and is associated
with progression to metastasis (Kauffmann et al., 2008). Our data provide an explanation for
these observations. Upon NEIL3 knockdown, we report a significant increase in mitotic
defects due to telomere dysfunction, including telomere fusion, translocation, and loss.
Together with our finding that NEIL3 is directly recruited to telomeres, we conclude that in
highly proliferative cell types, reduction of NEIL3 is sufficient to disrupt telomere
homeostasis and ultimately leads to telomere defects and cell cycle arrest, emphasizing the
role of NEIL3 in protecting telomere integrity. Also, a recent study revealed NEIL3 as a
novel enzyme capable of unhooking DNA cross-links during DNA replication (Semlow et
al., 2016). Thus, NEIL3 may be an effective drug target for inhibiting tumorigenesis.

In conclusion, our study reveals an essential role for NEIL3 in protecting telomere integrity
in proliferating cells. We show that NEIL3 is able to coordinate DNA repair in telomeres
with cell cycle progression, and the glycosylase utilizes its CTD to recruit TRF1 and the LP-
BER machinery to facilitate repair of telomeres. Taken together, our data provide a rational,
mechanistic explanation for the upregulation of NEIL3 in highly proliferative cells under
both normal and pathological conditions.

EXPERIMENTAL PROCEDURES

Materials and detailed methods, including antibodies, DNA and RNA constructs, cell culture
and synchronization, transient plasmid and siRNA transfections, deconvolution microscopy,
time-lapse microscopy, flow cytometry, metaphase spreads and telomere FISH, telomere
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dysfunction induced foci (TIF) assays, immunoprecipitation and Western blotting, co-
immunoprecipitation and Far-Western blotting, chromatin immunoprecipitation (ChIP) and
quantitative PCR (qPCR), DNA pulldown assays, protein purification, glycosylase activity
assays and statistical analyses, can be found in Supplemental Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SINEIL3-treated HCT116 GFP-H2B cells after release from the thymidine block. (B) Dot
plot of the total time from DNA condensation until chromatid separation from 3 pooled
experiments (n > 60 cells; red line, average time of mitosis). (C) Representative projections
of mitotic cells from Z-stacks imaged every 6 min over 16 h. Numbers represent time in
minutes. (D-E) Histograms of normal versus aberrant mitotic timings (D) or DNA
separation (E). (E) Representative micrographs of DNA separation are shown on the right
(arrow head, chromosomal fragmentation; arrow, DNA bridge). Scale bar = 10 um.
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Figure 2. NEIL3 knockdown increases the occurrence of telomere dysfunction
(A) Western Blot shows successful knockdown of NEIL3 by si-B and si-C. Two independent

knockdown experiments were shown. (B) Metaphase spreads of siControl- and siNEIL3-
treated HCT116 cells. DNA was stained with DAPI (blue) and telomeres were labeled with
Cy3-telomere PNA (red). White arrows indicate abnormal telomeres. Scale bars = 10 um.
(C) Representative micrographs of telomere defects: a) telomere loss, b) sister chromatid
fusion, c) extra telomere signal, and d) chromosomal fusion. (D) Quantification of telomere
defects. Mean and 95% confidence intervals are shown. (E) 53BP1 and TRF2 foci were
visualized by immunofluorescence in sSiNEIL3-B, siNEIL3-C or control siRNA-treated
U20S cells. Scale bar = 5 pm. (F) Quantification of the images shows that siNEIL3-B and
SINEIL3-C cells have increased TIFs. Three experiments were performed, imaged and
quantified; and at least 50 cells with 53BP1 foci were counted in each experiment. **, p<
0.005, **** p< 0.0001.
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Figure 3. NEIL3 expression increases during S phase and reaches maximal levels in G2/M
(A-C) Analysis of NEIL3 levels in synchronized HeLa cells. (A) Western blot of NEIL3

immunoprecipitated from HelLa cells harvested over a 24 h time course. (B) Flow cytometry
analyses of the relative DNA content were performed in parallel to determine cell cycle
phase. (C) Quantification of immunoprecipitated NEIL3 levels normalized to cellular
GAPDH (mean + SD; n = 3; *** p<0.001). (D) Quantification of NEIL3 protein levels in
asynchronous cell cultures (mean £ SD; n = 7; **** p< 0.0001). (E) Representative flow
cytometry profiles of NEIL3 protein levels (top row) relative to cell cycle phase as
determined by relative DNA content (bottom row) in asynchronous cell cultures.
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Figure 4. NEIL3 re-localizes from condensing DNA to spindle microtubules during mitosis
(A-C) Projections of deconvolved, whole cell Z-stacks of NEIL3 (green) in asynchronously

dividing (A) HeLa cells, (B) CEMss cells, and (C) activated primary CD4+ T lymphocytes
(n > 200 cells, pooled from 3 different passages). DNA (blue) was stained with DAPI.
Dotted lines denote the nuclear boundary; arrows indicate the abscission zone. (D)
Deconvolution micrographs of a single focal plain containing the poles of the mitotic spindle
or the intercellular bridge were used for Pearson’s co-localization analysis (r) of NEIL3
(green) and a-tubulin (white) in asynchronous HeLa cells (mean £ SD; n = total cells pooled
from 3 independent experiments). (E) Projections from deconvolution Z-stacks of metaphase
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HCT116 GFP-H2B cells. Scramble- (left) and siNEIL3- (right) treated cells were stained for
NEIL3 (SC-50749) and a-tubulin. Scale bar = 5 pm. (F) Quantification of NEIL3
knockdown was calculated using the MFI of NEIL3 normalized to a-tubulin (mean + SD; n
= 3 independent replicates; ***, p< 0.001).
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Figure 5. NEIL3 localizes to telomeres and the localization increases following H2O? treatment
during S phase
(A) A representative image of immunofluorescence showing that NEIL3 (green) co-localizes

to TRF2 (red) in U20S cells. Scale bar = 5 um. More images can be found in Figure S2 and
Figure S3. (B) Telomere DNA captured by ChIP and quantified by gPCR without H,0,
treatment. HeL a cells were synchronized by thymidine block and cells were cross-linked 6
hours after release to use for ChlP. The percentage of DNA captured was calculated by
normalizing to a 2% input using Ct values. (C) Telomere DNA captured by ChIP and
quantified by qPCR following H,0, treatment. The same protocol was used as in (B), except
that HeLa cells were treated with 1 mM H,05 in PBS at 37°C for 15 min and recovered in
fresh medium for 2.75 hours before cross-linking. (D) Dose dependency of NEIL3
recruitment to telomeres. The same protocol was used as in (C), with the difference being
the H,O5 concentration used. Each bar represents a minimum of three individual ChlP
experiments and two gPCR reactions for each ChIP sample. Mean and standard deviation
are shown. (**, p< 0.01, ***, p<0.001, **** p<0.0001).
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Figure 6. NEIL3 binds to single-stranded DNA in a sequence non-specific manner
(A) Domains and motifs of the NEIL3 protein. NEIL3 contains a conserved N-term

glycosylase domain and a large intrinsically disordered domain with unknown function. (B)
The endogenous NEIL3 protein binds to ssDNA and quadruplex DNA (but not dsDNA) in a
sequence independent manner. To perform DNA pulldown assays, biotinylated telomeric
double-stranded (ds), single-stranded (ssG or ssC), or quadruplex DNA (G4) were incubated
with Hel a cell lysates. (C) The CTD of NEIL3 is responsible for ssSDNA binding. Lysates
from HEK293T cells transfected with HA-tagged NEIL3 constructs were incubated with
biotinylated DNA oligos. A representative Western blot of three independent pulldowns is
shown. (D) Co-immunoprecipitation experiment using TRF1, TRF2 and POT1 antibodies in
a lysate of NEIL3-HA transfected HEK293T cells. NEIL3-HA was detected by blotting with
an anti-HA antibody. (E) NEIL3 co-immunoprecipitated with WT TRF1 but not F142A
mutation. Left, HEK293T cells were transfected with HA-tagged NEIL3 and TRF1
constructs. WT TRF1 and TRFH domain mutant F142A were immunoprecipitated and the
immunoprecipitants were subjected to Western blot detection for HA-tagged NEIL3. Right,
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the reverse co-immunoprecipitation. NEIL3-HA was immunoprecipitated and the
immunoprecipitants were subjected to Western blot detection for TRF1. (F) Representative
Far-Western blot revealing the interaction of NEIL3 with TRF1. (G) Binding of NEIL3 to
telomeres was greatly reduced when TRF1 was knocked down. *, p< 0.05, **** p<
0.0001, ns, not significantly different.
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Figure 7. The CTD of NEIL3 interacts with TRF1 and LP-BER proteins PCNA, FEN1, and
APEL1 and is required for optimal NEIL3 activity

(A-B) Radiographs of glycosylase assays in the presence or absence of TRF1. Duplex
telomere DNA containing an oxidative lesion (Gh) was incubated with purified (A) NEIL3-
FL or (B) NEIL3-GD. Reactions were stopped at the indicated time in minutes. (C-D)
Quantification of the effect of TRF1 on the enzymatic activity of (C) NEIL3-FL or (D)
NEIL3-GD. (E) Co-immunoprecipitation reveals interactions between NEIL3 and
components of LP-BER pathways. BER proteins were pulled down from HEK293T cell
lysates expressing NEIL3-HA, and the presence of NEIL3 was detected via the HA epitope.
(B) Far-Western blots analyzing the interaction between the purified NEIL proteins and LP-
BER proteins. The NEIL proteins were loaded on to PAGE and transferred to a PVDF
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membrane. The proteins were refolded on the membrane and incubated with a HeLa whole
cell extract. Antibodies against the indicated proteins were used to detect the interactions.
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