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Figure 1. NME2-ChIP-seq peaks with telomere repeats. (A) Representative peaks that are made of almost entirely Tel., units—TTAGGG/
CCCTAA. Lower panel shows reads (with or without Tel,.,) mapped to peaks; full sequence for one peak is shown below (non-Tel,, reads in
blue). Percentage identity is with respect to a stretch of TTAGGG/CCCTAA of similar length; fold-coverage is the ratio of total bp count of reads
with Tel,., that map within a peak over length of the peak. Supplementary Table S2A shows all peaks with Tel,, units. Fraction of reads with either
four Tel,, (B) or three Tel., units (C) that mapped within NME2-ChIP peaks are shown in comparison to reads generated computationally from

human promoter or ENCODE regions.

and 190 reads with 3 Tel,, units with 0/1 mismatch, re-
spectively). This was also true for 5.25 million reads made
from ENCODE regions (4 and 26 reads with 4 Tel, units
having 0/1 mismatch, respectively; 16 and 161 reads with 3
Tel,.p, units with 0/1 mismatch, respectively). This clearly
showed that a substantial number of tags harboured telo-
meric repeats and also that these tags are unlikely to result
from promoters or interstitial genomic regions.

In order to validate the above results in a second cell
line, ChIP-seq was performed using MYC-tagged NME2
in human fibrosarcoma HT1080 cells and analysed in the
manner described above. Results were analogous to the
ones obtained from A549 cells and are presented in
Supplementary Tables S1B and S2B.

ChIP-seq algorithms typically focus on mappable
regions (where reads can be placed at unique positions
on the reference genome) of the genome and furthermore
disregard regions that are not found to be enriched with
reads vis-a-vis control samples for peak construction (29).
We noted that telomeric repeats would be intrinsically
limited in these aspects due to the repeating nature of
the sequence, and found that roughly a third (~38%) of
the Tel,, reads did not map within designated
NME2-ChIP positions. As above, we noted clear enrich-
ment of reads with Tel,po, in both replicates of
NME2-ChIP relative to promoter or ENCODE regions
(Supplementary Table S3A and S3B). Analysis of reads
that do not constitute peaks, however, is with the caveat
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that background signal from the mock sample is disre-
garded, since background correction is typically made
during the peak generation process. On the other hand,
multiple analytical protocols in the past have described
surprisingly uneven representation of reads in control
samples and prescribed this to various reasons, including
chromatin accessibility, mappability of the genome and
sample preparation for background correction (34,35).
We noted that though relatively less (~30-35% lower
compared to NME2 ChIP) there were many telomere
repeats found in the IgG immunoprecipitated mock
samples. It is possible that G/C-rich sequence and/or
more accessibility at the chromosome ends makes
telomeric-repeats relatively more amenable to chromatin
pull-down. We reasoned that if one could use this infor-
mation as lead and confirm using independent experi-
ments, ChIP-seq would be useful to analyse binding to
additional regions of the genome. Keeping this in mind,
we devised experiments to test NME2 binding to telomere
ends and its functional relevance.

NME2 binds to telomere ends in vivo

To confirm NME?2 localization at telomere ends, we tested
the intracellular association of NME2 with telomeric
repeat DNA by chromatin immunoprecipitation (ChIP)
using anti-NME2 antibody to immunoprecipitate
protein-associated DNA fragments followed by dot blot
analysis. Telomere-specific probes were hybridized to
immunoprecipitated DNA in each case to detect associ-
ation to telomeres. ChIP using anti-NME2 antibody was
enriched for telomeric DNA relative to IgG (Figure 2A
and B). Because NME1 and NME2 have 80% similarity at
amino acid sequence level, in order to confirm NME2-
specific localization we used MYC-tagged NME2, which
was immunoprecipitated using an antibody-recognizing
MYC epitope and gave clear enrichment in ChIP signal
relative to IgG in the dot blot (Figure 2A and B). In
contrast, ChIP against MYC-tagged NMEI using
anti-MYC-tag antibody was not significantly enriched
over its isotype control. We further used ChIP for TRF2
as a positive control in these experiments where a detect-
able signal was clearly visible. As a control for binding
specificity, dot blots were hybridized with Alu sequences
(Figure 2A, right panel). Further quantitation of the
hybridized signals revealed that anti-MYC-tagged
NME2 ChIP yielded about 42% (+3; n = 3) of the total
telomeric DNA in HT-1080 cells (Figure 2B) while TRF2
ChIP yielded about 58% (£3; n = 3).

We additionally checked telomere-specific binding of
NME?2 using a PCR-based method demonstrated earlier.
This method has been used earlier for telomeric DNA
detection in several reports (36,37); typically, on PCR
amplification, bands ranging from 50 to ~500bp are
observed signifying enrichment of telomeric fragments.
DNA immunoprecipitated by anti-MYC tagged NME2,
anti-TRF2 or anti-MYC tagged NMEI1 antibodies was
PCR amplified using telomere-specific primers. We
observed, as expected a clear enrichment of PCR signal
in the anti-NME2 and TRF2 ChIP sample between 50 bp
and ~500 bp relative to the control sample where a specific
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isotype antibody was used (IgG) (Figure 2C). This
signified in vivo association of NME2 with telomeric
DNA. No PCR amplification was found in the case of
anti-NMEI1 ChIP.

NME2 physically interacts with TRF2

As a further test of in vivo association with telomere ends,
we asked if NME2 co-precipitates with any established
telomere-end binding protein. Co-immunoprecipitation
using anti-NME2 antibody from the nuclear extract of
HT-1080 and A549 cells followed by western blot
analysis indicated that NME2 physically associates with
established TRF2 (Figure 3A-C and Supplementary
Figure S2A). To validate the interaction we used
anti-TRF2 antibody for immunoprecipitation from the
nuclear extract of HT-1080 cells, where NME2 was
detected in the immunoprecipitated fraction using
anti-NME2  antibody  (Figure 3B), confirming
NME2-TRF2 interaction in the nucleus. NME2 inter-
action with TRF2 was further verified by in vitro
pull-down from the nuclear lysate using His-tagged re-
combinant NME2 as bait, and the pull-down fraction
was probed using anti-TRF2 antibody (Figure 3C).
Enrichment of TRF2 was observed in fractions obtained
from pull-down using His-tagged NME2 relative to
Ni-NTA beads only (Figure 3C).

To test the possibility that NME2 interaction
with TRF2 is DNA-dependent and/or NME2/TRF2
co-purify with telomeric DNA, we repeated the
co-immunoprecipitation experiments in the presence of
DNAse I or ethidium bromide (for intercalation of
double-strand DNA) using anti-NME2 antibody and
probed with anti-TRF2 antibody. NME2-TRF2 inter-
action was observed in both cases after treatment with
DNAse I or ethidium bromide, indicating that DNA
binding of NME2 was not essential for NME2-TRF2
association (Figure 3D and Supplementary Figure S2B).
Recently, it was reported that telomeric repeat DNA is
transcribed, which is known as telomeric repeat-
containing RNA (TERRA) (38). Therefore, we further
tested whether RNA was necessary for NME2 interaction
with TRF2. Co-immunoprecipitation in the presence of
RNAse-A did not affect NME2-TRF2 interactions.
Therefore, it is unlikely that DNA/RNA binding (or
any co-purifying nucleic acids) promotes association
between NME2 and TRF2. Together, though these
results support NME2-TRF2 association, they do not
preclude involvement of another protein in assisting the
interaction.

We also checked for intracellular co-localization of
NME2 with TRF2 and found that NME2 localizes with
TRF2 within the nucleus in HT-1080 (Supplementary
Figure S3). However, though TRF2 immunofluorescence
was distinct, we noted that NME2 staining inside cells was
diffuse in nature, as was found in reports by several
groups earlier (39-43). This appears to be an inherent
characteristic of NME2, which limits the use of the im-
munofluorescence co-localization method in the case of
NME2.
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Figure 2. NME?2 associates with telomere ends. (A and B) Immunoprecipitated DNA using anti-NME2, -TRF2, -MYC or specific isotype was
hybridized with telomere-specific double strand or Alu sequence using dot blot (A). Quantification of TTAGGG repeat DNA recovered in each ChIP
is shown in (B). Results are average of experiments performed in triplicate; **P <0.01, *P <0.05. (C) ChIP-PCR of immunoprecipitated DNA with
probes specific for telomeric region. PCR amplified telomere fragments migrated as a smear (50 to ~500 bp); primer dimers migrated as a single band
[as observed in blank (water)]. TRF2 ChIP was used as a positive control in both the cases.
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Figure 3. NME2 interacts with telomere binding factor TRF2. (A) Co-immunoprecipitation of NME2 with TRF2. HT-1080 nuclear lysate
immunoprecipitated with anti-TRF2 antibody, followed by immunoblotting with anti-NME2 or anti-TRF2 antibody. (B) Reverse
co-immunoprecipitation TRF2 by NME2. HT-1080 nuclear lysate immunoprecipitated with anti-NME2 or specific isotype and immunoblotted
with anti-TRF2 or anti-NME2 antibody. (C) Interaction of NME2 with TRF2 in vitro. Ni-NTA only or Ni-NTA NME2 (purified his-tagged)
beads were incubated with cell extracts from HT-1080 following by detection of bound TRF2 by immunoblot using TRF2-specific antibody.
(D) Association of TRF2 and NME2 in HT-1080 cells was not affected after treatment with DNase I, ethidiumbromide (EtBr) or RNase A.
Quantification is shown for IP with anti-TRF2 and anti-NME2 antibodies with respect to respective input fractions; average of three independent
pull-down experiments is shown.
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Figure 4. Inhibition of telomerase catalytic activity by NME2. Real time quantification of change in telomerase activity with respect to that at 0 ng
NME?2 is shown for either His-tag NME2 (A) or His-tag NME2 (K12A) (B) after incubating with telomerase extracts from HT-1080 cells for 10 min
at 30°C. All experiments were performed in triplicate. **P <0.01, *P <0.05.

NME2 inhibits telomerase activity in vitro

To question the relevance of NME2 association with
telomere ends, we focused on testing whether NME2
had any influence on telomerase activity. Quantification
of telomerase activity (real-time monitoring of the TRAP
assay product) in the presence of NME2 gave a
dose-dependent decrease in telomerase catalytic activity
in cell lysates prepared from HT-1080 (Figure 4A).
Increasing amount of purified recombinant His-tagged
NME?2 was used. These results showed that NME2 nega-
tively affects the typical 6-nt ladder of primer extension
products characteristic of human telomerase. Nuclease
activity of NME2 has been reported (44), and therefore
inhibition of telomerase extension could result from
cleavage of template DNA required for telomerase exten-
sion. This was checked using recombinant His-tagged
mutant NME2%'?A which is devoid of cleavage activity
(28). Telomerase inhibition by NME2X?A was very
similar to that obtained for wild-type NME2
(Figure 4B), indicating that telomerase inhibition was
unlikely to result from DNA cleavage. In order to
ensure the specificity of telomerase inactivation by
NME2/NME2 (K12A), we used similar concentrations
of bovine serum albumin (BSA) as a non-specific control
and found there was no inhibition of telomerase activity
(Supplementary Figure S5).

NME2 associates with telomerase

Next we sought to ask whether NME2 associates with
telomerase. In co-immunoprecipitation experiments per-
formed with nuclear extract of HT-1080 and A549 cells,
hTERT was readily detected by western blot in the
immunoprecipitated anti-NME2 fraction, but not in the
isotype control (IgG) (Figure 5A and Supplementary
Figure S6A). Conversely, on using anti-hTERT antibody
for immunoprecipitation from nuclear extract of HT-1080
cells, NME2 was detected in the immunoprecipitated
fraction using anti-NME2 antibody (Figure 5B). In
order to test the interaction more specifically, we used
HA-tagged hTERT, and NME2 was readily detected by
western blot in the fraction immunoprecipitated with

anti-HA antibody, but not in the isotype control
(Figure 5C). Further confirmation of this interaction was
gained from in vitro pull-down assay. Using His-tagged
NME?2 as the bait protein, we were able to extract
hTERT from the nuclear extract (Figure 5D). In
addition to this, we performed immunofluorescence mi-
croscopy to test NME2 localization with hTERT within
the nucleus (Supplementary Figure S3). However, as men-
tioned above we found that NME2 distribution in the
nucleus was diffuse while hTERT occupancy was distinct.

Keeping in mind that NME2 associates with telomeric
DNA, it is possible that NME2 interaction with telomer-
ase is DNA-dependent and/or NME2/telomerase
co-purify with telomeric DNA. To check this possibility
we repeated the co-immunoprecipitation reactions in the
presence of DNAse I or ethidium bromide using
anti-hTERT antibody and probed with anti-NME2
antibody. NME2-hTERT association was found to
remain largely unaltered after treatment with DNAse I
or ethidium bromide, though we noted some decrease in
the case of DNase-I, and this was not significant
(Figure 5D and Supplementary Figure S6B); also,
pull-down efficiency was similar in all cases (lower
panel). We further tested whether involvement of the
RNA component of telomerase (hnTERC) was essential.
Co-immunoprecipitation in the presence of RNAse-A
again did not affect NME2-hTERT association signifi-
cantly, suggesting that the RNA component of telomerase
may not be essential for NME2-hTERT association.
However, this does not exclude the role of
telomerase-bound hTERC that may not be amenable to
RNase-A digestion. Together, though these results
support the possibility that DNA/RNA binding is not ne-
cessary, it does not rule out the role of other proteins in
NME2-hTERT association.

Sustained NME2 expression results in reduced telomerase
activity and telomere length in vivo

Based on the finding that NME2 inhibits telomerase
activity in vitro, we next sought to check whether NME2
influenced telomere length and/or telomerase activity
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Figure 5. NME2 directly interacts with hTERT (A—C). Co-immunoprecipitation of NME2 and hTERT. HT-1080 nuclear lysate was subjected to
immunoprecipitation with anti-NME2 (A), -hTERT (B), -HA-hTERT (C) antibody, followed by immunoblotting with either anti-hTERT,
anti-NME2 or anti-HA-tag antibody (A, B, C, respectively). (D) Interaction of NME2 with hTERT in vitro. Ni-NTA only or Ni-NTA NME2
(His-tagged) beads were incubated with cell extracts from HT-1080 following by detection of bound hTERT by immunoblot using anti-hTERT
antibody. (E) Association of endogenous hTERT with NME2 in HT-1080 cells was not changed after treatment with DNase I, ethidiumbromide
(EtBr) or RNase A. Quantification is shown for IP with anti-NME2 and anti-hTERT antibodies with respect to respective input fractions; average of

three independent pull-down experiments is shown.

in vivo. In order to check this, HT 1080 cells with stable
expression of HA-tagged NME2 (Figure 6A and B) were
generated and the fluorescence-based FLOW-FISH
method (45, 46) was used to quantify telomere length
relative to cells that were transformed in a similar
manner with the HA-tag vector backbone lacking
NME2. Reduced telomere length relative to vector-
transformed cells was observed across increasing popula-
tion doubling times (Figure 6C). Consistent with this, we
found a marked reduction of telomerase activity (real-time
TRAP assay) in cells expressing NME2 compared to
vector-transformed cells (Figure 6D), in line with the
in vitro results showing inhibition of telomerase activity
in the presence of NME2. It is possible that reduced
telomerase activity was due to lower levels of hTERT ex-
pression. Therefore, we checked telomerase levels. NME2-
expressing stable cells showed no significant change in

hTERT transcript and protein levels relative to the
vector-transformed cells (Figure 6E and F).

DISCUSSION

Several aspects of the findings presented here demonstrate
novel biological functions of NME2 related to telomere/
telomerase interactions. First, using a novel method of
analyzing ChIP-sequencing short-read data we found
that NME2 localizes at telomere ends in vivo; as further
support of its presence at telomere ends, NME2 was found
to physically associate with the telomeric double-strand
binding factor TRF2. Second, our findings reveal NME2
interaction with telomerase and demonstrate that NME2
negatively regulates telomerase activity in vitro and in vivo.
Finally, we observed that telomere length was reduced in
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Figure 6. Sustained expression of NME2 decreases telomere length. (A and B) RT-PCR (A) and western blot (B) for stable expression of HA-tagged
NME2 in HT-1080 cells. (C) Flow-FISH analysis of telomere length in HA-NME2 cells compared to HA-vector cells with increasing population
doubling time [each point represent 10000 cells from population doubling time points: closed squares, 45, closed diamonds, 90, closed triangles, 130,
closed circles, 170 and asterisk 200)]; three independent experiments were performed, a representative analysis is shown. (D) Telomerase activity in
HA-NME2 cells using real time quantification of telomerase activity; *P <0.05. (E and F) RT-PCR (E) and western blot analysis (F) shows no

change in hTERT level in HA-NME?2 expressing cells.

cells with sustained expression of NME2 relative to
vector-control cells. To the best of our knowledge,
in vivo association of NME2 with telomeres, TRF2 or
telomerase, including NME2-mediated reduction in tel-
omerase activity and telomere length in cancer cells have
not been reported before.

One carlier study reported that recombinant NME2
binds to short telomeric oligonucleotides and influences
telomerase activity in vitro (however, we noted that an
unusually high amount of NME2 was used) (47). Our
findings, on the other hand, are based on the initial
finding that NME2 associates with telomere ends in vivo
(ChIP-seq and other experiments). Furthermore, telomer-
ase activity and telomere length measurements performed
in vivo using cells modified for sustained NME2 expression
complement the initial findings and demonstrate a novel
function of NME2.

It has been reported earlier that NME2 occupies the
nuclei specifically in S-phase and not in the M-phase
(48). This is consistent with the likely role of NME2 in
this context, as telomere synthesis and related regulatory
activities occur primarily during the S-phase. A recent

paper that identified all proteins associated with telomeres
using a high-throughput method did not find NME2 (49).
Though reasons for this are not clear to us, considering
the S-phase-specific localization of NME?2 it is possible
that NME2-telomere association is transient in nature,
limiting identification by high-throughput methods.
Apart from the reported NME2 ChIP-seq peaks har-
bouring telomeric repeat units we found many instances
of binding positions with two to four contiguous repeating
units. We believe this results from sub-telomeric regions
where interspersed TTAGGG repeats have been noted
earlier (50). In line with this we also noted several peaks
that resulted from regions distant from telomere ends
(Supplementary Table S2A and S2B). Together, this
suggests that NME2 recognizes telomeric repeat sequences
irrespective of their position within the genome.
Correlation between telomerase levels and progression
of metastasis have been reported (12, 14). Ribozyme-
mediated suppression of mouse telomerase RNA gave
decreased telomerase expression and telomerase activity
in B16-F10 murine melanoma resulting in reduced
tumour invasion and metastatic potential (14). On the
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other hand, reduced telomeric DNA content was found to
adversely affect breast cancer-free survival (51), indicating
the complexity of telomeres/telomerase in relation to
cancer progression (52). Interestingly, a recent study
demonstrated that the contrasting observations regarding
tumour-suppressive and -promoting potential of telomere-
shortening could be due to the status of the tumour sup-
pressor p53 (53). In this context, it is interesting to
consider that telomere length/telomerase activity may
play a key role in metastatic progression. Findings
reported here showing NME2, a metastases suppressor,
as a potential regulator of telomerase activity suggest the
possibility that NME2 negatively influences metastatic
invasion by controlling telomerase activity.

Although our data demonstrate NME2 as a telomere
binding factor that associates with and modulates telomer-
ase activity in vivo, further work is required to understand
the implications of NME2-mediated telomere transactions
with reference to metastases suppression. For example, it
will be interesting to study the mechanisms of how NME2
may function as a connection between telomere length
alteration and metastatic progression of cancer cells. To
our knowledge this is the first evidence directly connecting
any metastases suppressor to the telomere machinery in a
cellular context.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Suplementary Method, Supplementary Tables 1-3 and
Supplementary Figures 1-6.
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